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20 Supersymmetry

20.1 Introduction

Supersymmetry – or SUSY – is one of the best motivated extensions of the Standard Model, so

the study of SUSY is a primary goal of the LHC. If SUSY exists at the weak scale, ,

then discovering evidence for SUSY particles at the LHC seems to be straightforward. There-

fore, ATLAS has concentrated on the problems of making precision measurements of SUSY

masses (or combinations thereof) and of using these to infer properties of the underlying SUSY

model.

While the Standard Model has been tested to an accuracy of order 0.1% [20-1], the Higgs sector

responsible for generating the masses of the W and Z bosons and of the quarks and leptons has

not been tested yet. The Higgs boson is the only scalar field in the Standard Model. Scalar fields

are special in that loop corrections to their squared masses are quadratically divergent: they are

proportional to the cutoff , while all other divergences are proportional only to . Some

new mass scale beyond the Standard Model must exist, if only the reduced Planck scale

associated with gravity, and the loop corrections to the

Higgs mass are naturally of order this scale. This is known as the hierarchy problem [20-2]. The

only known solutions – other than accepting an incredible fine tuning – are to embed the Higgs

bosons in a supersymmetric theory or to replace the elementary Higgs boson with a dynamical

condensate as in technicolor models.

SUSY [20-3, 20-4] is the maximal possible extension of the Lorentz group. It has fermionic gener-

ators  which satisfy

where is the momentum operator and are the Dirac matrices. SUSY therefore relates par-

ticles with the same mass and other quantum numbers differing by  unit of spin,

.

In the Minimal Supersymmetric extension of the Standard Model (MSSM) each chiral fermion

has a scalar sfermion partner , and each massless gauge boson with two helicity

states has a massless spin- gaugino partner with helicities . There must also be two

complex Higgs doublets and their associated Higgsinos to avoid triangle anomalies. The com-

plete list of particles is shown in Tables 20-1 and 20-2. The interactions of SUSY particles are ba-

sically obtained from the Standard Model ones by replacing any two lines in a vertex by their

SUSY partners; for example, the gluon-quark-quark and gluino-quark-squark couplings are the

same. See [20-4] for the construction of the complete Lagrangian.

SUSY provides a solution to the hierarchy problem because it implies an equal number of

bosons and fermions, which give opposite signs in loops and so cancel the quadratic divergenc-

es. This cancellation works to all orders: since the masses of fermions are only logarithmic di-

vergent, this must also be true for boson masses in a supersymmetric theory. When SUSY is
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broken, the corrections to the Higgs and other scalar masses become proportional to the SUSY

mass scale rather than the Planck scale. If the Higgs is to be light without unnatural fine tuning,

then the SUSY particles should have masses below about 1 TeV [20-5].

The particle content of the Standard Model is elegantly explained by Grand Unified Theories

(GUT’s), in which the SU(3), SU(2), and U(1) gauge interactions all unify in a simple group such

as SU(5). This requires that their respective coupling constants all meet when evolved under the

Renormalisation Group Equations (RGE’s) to some high mass scale. The precision data at the

mass collected at LEP and SLC are inconsistent with GUT’s using the Standard Model RGE’s

but are consistent using the SUSY ones provided that the SUSY mass scale is in the 1 TeV range

[20-1]. SUSY particles in this mass range are consistent with present direct [20-6, 20-7] and indi-

rect [20-8] limits and with the constraints of fine tuning, and they would be readily observable

at the LHC.

SUSY must of course be broken, since superparticles have not been observed: there is certainly

no spin-0 selectron degenerate with the electron. Gauge invariance forbids mass terms in the

Lagrangian for all Standard Model particles; masses can be introduced only by spontaneous

symmetry breaking using the Higgs mechanism. In contrast, mass terms are allowed for all the

SUSY particles. Thus, it is possible to parameterise SUSY breaking by introducing by hand

SUSY-breaking mass terms for the squarks, sleptons, Higgsinos, and gauginos, all presumably

at the TeV scale. Additional soft terms (bilinear B terms and trilinear A terms with dimension

) consistent with gauge invariance can also be added without reintroducing quadratic di-

vergences. Finally, a Higgsino mass term must be included; this must be of the same order as

the SUSY breaking terms even though it is SUSY conserving.

Table 20-1 Chiral supermultiplets in the Minimal Supersymmetric Standard Model. The squarks and sleptons
come in three generations. The physical Higgs bosons after symmetry breaking are , , , and .

Name Spin 0 Spin 1/2

squarks, quarks

sleptons, leptons

Higgs, Higgsinos

Table 20-2 Vector supermultiplets in the Minimal Supersymmetric Standard Model. After symmetry breaking,
the winos and bino mix with the Higgsinos to give four neutralinos and two charginos , and the and

 mix as in the Standard Model.

Names Spin 1/2 Spin 1

gluino, gluon

winos, ’s

bino,
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The requirements of gauge invariance and renormalisability are sufficient to guarantee that the

Standard Model Lagrangian conserves baryon and lepton number. In supersymmetric theories

it is possible to violate both, potentially leading to disastrous weak-scale proton decay. The un-

wanted terms can be eliminated by imposing invariance under R-parity,

,

where B, L, and S are the baryon number, lepton number, and spin. Hence for all Stand-

ard Model particles and for all SUSY particles. This has the consequence that SUSY par-

ticles must be produced in pairs and that the lightest SUSY particle (LSP) is absolutely stable. -

parity conservation holds automatically in many GUT models under rather general assump-

tions [20-9]. Weak-scale proton decay can also be avoided by imposing either baryon or lepton

number conservation.

The Minimal Supersymmetric Standard Model (MSSM) is the supersymmetric extension of the

Standard Model with the minimal particle content as listed in Tables 20-1 and 20-2 and R-parity

conservation. The cancellation of quadratic divergences for scalar masses only requires super-

symmetry for the terms with mass dimension four. In the MSSM, SUSY is broken ‘by hand’ by

adding to the Lagrangian all possible soft terms consistent with gauge in-

variance [20-4]. This includes mass terms for all the superpartners and trilinear  terms:

where , , , and denote weak doublets as in Table 20-1 and a summation over

generations is implied. All the parameters are in general matrices in flavour space and complex;

there are a total of 105 new parameters [20-10] in addition to the Standard Model ones. One of

these is the SUSY-conserving Higgsino mass , which must be of the same order as the SUSY

breaking masses. Electroweak symmetry cannot be broken by hand in a similar way, since this

would destroy gauge invariance. Instead, it is broken by the Higgs mechanism, giving rise to

masses for the quarks, leptons, and bosons. Supersymmetry requires two Higgs doublets

and relates the Higgs self-coupling to gauge couplings:

It will be seen in Section 20.2 that the large top Yukawa coupling can naturally drive the

Higgs squared mass negative, breaking electroweak symmetry.

Once SUSY and electroweak symmetry are broken, particles with the same quantum numbers

will in general mix. The gauginos and Higgsinos mix to form two spin-1/2 ‘charginos’ with

the mass matrix in the  basis

R 1–( )3 B L–( ) 2S+
=

R +1=
R 1–=

R

SU 3( ) SU 2( )× U 1( )×
A

Lsoft mHd

2– Hd
2 mHu

2 Hu
2 µBεi j Hd

i Hu
j h.c.+( )+–=

1
2
---– M1B̃B̃

1
2
---M2W̃W̃–

1
2
---M3g̃g̃–

M
Q̃
2– ũL
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Ũ
2 uR

* uR– M
D̃
2 d̃R

* d̃R–

M–
L̃
2 l̃ L

* l̃ L ν̃L
* ν̃L+( ) M

Ẽ
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20-1

and four spin-1/2 ‘neutralinos’  with the mass matrix in the  basis

. 20-2

In many models

and is of order , so that the two lighter neutralinos and the lighter chargino are dominant-

ly gaugino, while the heavier states are dominantly Higgsino and weakly coupled to the first

two generations.

While the chiral fermions and must have the same mass by Lorentz invariance, their su-

perpartners and are scalars with separate masses. Their squared-mass matrix also gets

off-diagonal contributions proportional to the fermion mass, e.g.

. 20-3

The resulting left-right mixing is mainly important for the third generation; the eigenstates are

called , , and . There can also be mixings among generations of sfermions – includ-

ing new sources of CP violation. For simplicity all flavour mixing and L-R mixing for the first

two generations and all CP-violating phases will be ignored here.

Clearly it is not possible to explore the complete parameter space of the MSSM; in the absence of

experimental help some theoretical prejudice must be imposed. Presumably supersymmetry

should be broken spontaneously rather than by hand and should be unified with gravity. It does

not seem possible to construct a phenomenologically acceptable model with spontaneous su-

persymmetry breaking using only the MSSM fields. Instead, it is necessary to introduce a hid-

den sector to break SUSY and then to communicate the breaking to the MSSM sector using

some messenger interaction that couples to both. In supergravity (SUGRA) models gravity is

the sole messenger [20-11]. Then the MSSM masses are scaled by the Planck scale,

,

so the SUSY breaking scale in the hidden sector must be roughly . In the mini-

mal SUGRA model, it is assumed that all squarks, sleptons, and Higgs bosons have a common

mass and that all gauginos have a common mass at the GUT scale. These masses are

split when they are run down to the weak scale with the RGE’s [20-12]. The squarks and gluinos
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are relatively heavy but nevertheless dominate the SUSY production cross section at LHC ener-

gies because of their strong couplings. They typically decay via several steps into the lightest

SUSY particle (LSP) , which is stable. Since the LSP is neutral and weakly interacting, it es-

capes the detector, giving the characteristic SUSY signature of missing transverse energy .

Signatures for SUGRA models are discussed in Section 20.2.

It is also possible that the SUSY breaking scale in the hidden sector is and that

the MSSM particles get masses through gauge interactions at a messenger

scale . This is known as Gauge Mediated Supersymmetry Breaking (GMSB) [20-13].

Since the gravitino gets its mass only through gravitational interactions, it is much lighter

than all the MSSM particles, which eventually decay into it. In the minimal GMSB model the

MSSM masses are proportional to ; the gaugino masses are proportional to the

number of messenger fields , while the scalar masses are proportional to . The phenom-

enology is determined by whether the next lightest SUSY particle (NLSP) is a or a and by

whether the NLSP decay or occurs promptly or outside the detector. Signa-

tures for the long-lived case are qualitatively similar to those for SUGRA, but the other three

cases are quite different. Signatures for the minimal GMSB model are discussed in Section 20.3.

Finally, R parity may be broken, although there are strong constraints on many of the R-violat-

ing couplings [20-14]. If the R-violating couplings are small, then the main effect is to allow the

LSP to decay, violating either baryon number, e.g. , or lepton number, e.g. ,

but of course not both baryon and lepton number, since that would give rapid proton decay.

Signatures for R-parity violation are discussed in Section 20.4.

Even if the general MSSM is correct, none of these models is likely to be the whole truth, but

they do provide self-consistent frameworks in which to test the ability of the ATLAS detector to

study supersymmetry at the LHC. In this chapter detailed studies are reported for several par-

ticular choices of the parameters in the minimal SUGRA, minimal GMSB, and -parity violat-

ing scenarios. Discovery of signals for any of these at the LHC is straightforward. The main

problem is not to distinguish SUSY from the Standard Model but to separate the many SUSY

processes that occur. Hence, the emphasis here is on partial reconstruction of particular modes,

measurement of combinations of masses from kinematic endpoints of the corresponding distri-

butions, and global fits to these to determine the parameters of the underlying model. This ap-

proach is quite effective, but it utilises only part of the information that will be available at the

LHC if SUSY in fact exists at the weak scale.

Since the main background for SUSY is SUSY itself, it is essential to generate the whole SUSY

cross section, not just specific channels of interest. Typically, samples of or more events have

been generated for each point studied here using either ISAJET [20-15] or SPYTHIA [20-16].

Large samples of Standard Model events are also needed to assess potential backgrounds. Such

large event samples necessitate using a fast detector simulation rather than a detailed, GEANT-

based one. Most of the results given here are based on ATLFAST [20-17] or comparable particle-

level detector simulations. These correctly describe the gross resolution and acceptance of AT-

LAS but not the effects of resolution tails, cracks, etc. The backgrounds for SUSY signatures after

reasonable cuts appear however to be dominated by real physics events and not by such detec-

tor effects.
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20.2 Supergravity models

The minimal supergravity (SUGRA) model [20-11] assumes that at the GUT scale all scalars

(squarks, sleptons, and Higgs bosons) have a common mass , all gauginos and Higgsinos

have a common mass , and all the trilinear Higgs-sfermion-sfermion couplings have a

common value . Such common masses are suggested by the fact that gravity is universal but

are sometimes not found in models with realistic GUT-scale dynamics. The remaining parame-

ters at the GUT scale are the bilinear SUSY breaking term and the SUSY conserving Higgs

mass . The 26 renormalisation group equations (RGE’s) [20-12] are then solved iteratively be-

tween the weak and GUT scale. On each iteration the SUSY masses are calculated and used to

determine the thresholds at which the masses and other parameters are frozen. Because of the

specific form of the RGE’s, the squared mass of the Higgs field is driven negative by the large

top Yukawa coupling, causing electroweak symmetry breaking but leaving unbroken the col-

Figure 20-1 Contours showing gluino and squark masses in the plane for and representa-
tive values of in the minimal SUGRA model. The bricked regions at small are excluded by the require-
ment that be the LSP. The bricked regions at large and are excluded in ISAJET 7.22 by having no
electroweak symmetry breaking; this is quite model dependent. The cross-hatched regions were excluded by
experiment at the time of Ref. [20-18]. The dots represent the five minimal SUGRA points selected by the LHCC
for detailed study by ATLAS and CMS.
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our and electromagnetic interactions. Then B and can be eliminated in favour of and the

ratio of Higgs vacuum expectation values. The parameters of this minimal model

are therefore

. 20-4

The masses and mixings of all the SUSY and Higgs particles and hence also all their decays are

determined in terms of these parameters. Some representative masses are shown in Figures 20-1

and 20-2. The shaded regions in the figures are excluded by theory or experiment. The dots rep-

resent the five minimal SUGRA points selected by the LHC Committee (LHCC) in 1996 for de-

tailed study by the ATLAS and CMS Collaborations.

The parameters of the five LHCC points are listed in Table 20-3; the particle masses are listed in

Table 20-4. The total SUSY cross-section ranges between a few picobarn for Points 1 and 2, with

a SUSY mass scale of 1 TeV, to about one nanobarn for Point 3, with a mass scale of 300 GeV.

Point 3 is the ‘comparison point’, selected so that other existing or proposed accelerators could

find something. This point is already ruled out: LEP would have discovered the light Higgs

with a mass of 68 GeV. Points 1 and 5 have light Higgs masses which are excluded by the pre-

Figure 20-2 Contours showing wino and slepton masses in the plane for and representa-
tive values of  in the minimal SUGRA model. See Figure 20-1.
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liminary limits of the LEP experiments [20-19]. In all three cases the Higgs mass can be in-

creased by increasing to about three. For Point 3 it might also be necessary to increase

and , since the charginos are in a mass region which can be explored by the next LEP run.

As an example, the minimal SUGRA point

has a superparticle spectrum generally similar to Point 3 but a light Higgs mass of 98.6 GeV. The

gluino mass is 350 GeV, and it has a high probability to decay via ; the

branching ratio is smaller but still large enough to be observable. Thus Point 3 re-

mains useful even though it is ruled out by the Higgs search.

Points 1 and 2 both have gluino and squark masses near 1 TeV, about the upper limit expected

from fine tuning arguments. Point 4 was chosen to be near the boundary for electroweak sym-

metry breaking, implying that is small so that there is quite strong mixing between gauginos

and Higgsinos in Equations 20-1 and 20-2. This boundary turns out to be quite sensitive to the

details of how electroweak symmetry breaking is implemented, so the properties of this point

are quite model dependent. Point 5 was motivated by cosmology. There is strong evidence for

non-baryonic cold dark matter in the universe [20-20], and the LSP is a good candidate for this

cold dark matter. Point 5 gives a density of cold dark matter consistent with the universe having

the critical density. The small value of produces light sleptons and so increases the annihila-

tion cross section for , reducing the cold dark matter to be consistent with the critical density,

. (One weakness of the GMSB and -parity violating models considered in Section 20.3

and Section 20.4 is that they do not provide cold dark matter. Conversely, a very weak decay of

the LSP via either gravitinos or -parity violating interactions would remove the cold dark

matter constraints on SUGRA models.) Point 6 was added later as an example with large .

This point was selected so that the only two-body gaugino decays are and ;

these decays therefore dominate and give signatures involving ‘s instead of the previous sig-

natures. Point 6 is discussed separately in Section 20.2.8.

20.2.1 Inclusive SUGRA measurements

The first step in searching for SUSY at the LHC is to look for a deviation from the Standard

Model. SUSY events are dominated by the production of gluinos and squarks, which decay

through one or more steps to the LSP , which escapes detection. Thus SUSY events are char-

acterised by multiple jets, leptons, and missing transverse energy . Since the gluino is a

Table 20-3 Parameters of the five minimal SUGRA points selected by the LHCC and a sixth SUGRA point with
large  added later by ATLAS.

Point  (GeV)  (GeV)  (GeV)

1 400 400 0 2 +

2 400 400 0 10 +

3 200 100 0 2 -

4 800 200 0 10 +

5 100 300 300 2.1 +

6 200 200 0 45 -
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Majorana fermion, it has equal branching ratios into and , giving rise to isolated like-

sign dileptons for which the Standard Model background is small. To estimate the reach for

each signature, events were generated for many SUGRA points and for Standard Model proc-

esses using ISAJET plus a simplified detector simulation. Events were selected to have [20-18]

Table 20-4 Masses in GeV for the five LHCC SUGRA points and the large SUGRA point listed in
Table 20-3. The first and second generation squarks and sleptons are degenerate and so are not listed sepa-
rately. The SUSY masses for the five LHCC points are from ISAJET 7.22 [20-15]; the Higgs masses are from
SPYTHIA 2.08 [20-16] and use the approximate two-loop effective potential. The masses for Point 6 are from
ISAJET 7.37 [20-15].

Particle Point 1 Point 2 Point 3 Point 4 Point 5 Point 6

1004 1009 298 582 767 540

325 321 96 147 232 152

764 537 272 315 518 307

168 168 45 80 122 81

326 321 97 148 233 152

750 519 257 290 497 286

766 538 273 315 521 304

957 963 317 918 687 511

925 933 313 910 664 498

959 966 323 921 690 517

921 939 314 910 662 498

643 710 264 594 489 365

924 933 329 805 717 517

854 871 278 774 633 390

922 930 314 903 663 480

490 491 216 814 239 250

430 431 207 805 157 219

486 485 207 810 230 237

430 425 206 797 157 132

490 491 216 811 239 259

486 483 207 806 230 218

95 116 69 112 93 112

1046 737 379 858 638 157

1044 737 371 859 634 157

1046 741 378 862 638 182
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• At least two jets with and , where for each SUGRA point the cut pa-

rameter was adjusted to maximise , where S is the SUSY signal, and

B is the background.

• to reduce the dijet background (where the ‘transverse sphericity’ is de-

fined as , and being the eigenvalues of the sphericity tensor

formed by summing over the transverse momenta of all of the calorimeter

cells).

•  and  for any leptons.

• Transverse mass for the lepton plus jets channel to reduce the

 backgrounds.

The resulting reach [20-18], defined by at least 10 signal events and for an integrated

luminosity of , is shown Figure 20-3 for the no lepton plus jets plus , one lepton

plus jets plus , same-sign dilepton, opposite-sign dilepton and trilepton channels. By com-

paring this figure with the previous two, it can be seen that the reach in the jets plus chan-

Figure 20-3 Reach for for various SUSY signatures in the SUGRA parameter space with .
0l: Jets, , and no leptons. 1l: Jets, , and 1 lepton. SS: Same-sign dileptons. OS: Opposite-sign
dileptons. 3l: trileptons. 3l,0j: trileptons with jet veto. 2l,0j: dileptons with jet veto. See Figure 20-1 for the expla-
nation of the shaded regions.
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nels extends to squark and gluino masses greater than 2 TeV. Similar results were found in the

ATLAS Technical Proposal [20-21]. The reach limits involve very hard jets and large , so

they are determined mainly by the squark and gluino production cross sections and not by the

detailed detector performance. The reach in the multi-lepton channels extends well beyond

1 TeV. Also shown in the figure is the reach for direct gaugino and slepton production in the

dilepton and trilepton channels with a central jet veto. These channels generally provide the

best reach at the Tevatron [20-6].

After finding one or more such inclusive signals, one would want to obtain a simple estimate of

the SUSY masses involved. A good variable [20-22] for this purpose is the ‘effective mass’, the

scalar sum of the missing energy and the transverse momenta of the four hardest jets:

. 20-5

This was calculated for the five LHCC SUGRA points listed in Table 20-3 and for the Standard

Model backgrounds with the following cuts:

• .

• At least 4 jets with  and .

• Transverse sphericity .

• No muon or isolated electron with  and .

The distribution after these cuts for the Point 5 signal and the sum of all Standard Model

backgrounds is shown in Figure 20-4. Note that at large with an accepted cross

section of more than 1 pb. For the other points the place where the signal emerges from the

background is of course different, but the ratio at large is similar. Discovering a signal

using a variable and simple cuts such as these would be very easy for any of the five LHCC

points. This is not very surprising: since squarks and gluinos are strongly interacting, they are

Figure 20-4 distribution for the Point 5 signal
(open circles) and for the sum of all Standard Model
backgrounds (histogram); the latter includes (solid
circles), (triangles), (downward tri-
angles), and QCD jets (squares).

Figure 20-5 Peak of distribution as a function
of.  for various models.
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produced with cross sections comparable to the QCD background at the same , so rather

simple cuts on and the event topology are sufficient to separate the signal from the Stand-

ard Model background.

The peak of the effective mass distribution moves with the mass scale of the SUSY particles. To

test this, 100 minimal SUGRA models were selected at random with , , and less than

500 GeV and with the constraint that they have the same light Higgs boson mass as Point 5

within . (In retrospect it was inappropriate to include the Higgs mass constraint, since

finding SUSY in this way is far easier than finding a light Higgs boson, but including it has no

essential effect.) Figure 20-5 shows a scatter plot of the peak vs ,

which provides a measure of the mass scale of the strongly produced SUSY particles. The

spread is remarkably small, about . The spread might be larger in a more general class of

models, but it appears that simple distributions like this will provide a good first estimate of the

SUSY mass scale.

One could produce many more inclusive distributions involving various combinations of jets,

leptons, and and attempt to fit all these to determine the SUGRA model parameters. It is

more transparent, however, to use partial reconstruction of exclusive final states to determine

precise combinations of masses from kinematic endpoints of distributions as discussed in the

following subsections.

20.2.2 Exclusive SUGRA measurements for moderate tan β

If SUSY exists at the weak scale, it will presumably first be found using inclusive signatures

such as the ones discussed in Section 20.2.1. To progress further, and in particular to understand

how SUSY is broken, it is important to measure individual masses and decays. In the SUGRA

model the decay products of a SUSY particles always include an invisible , so no mass peaks

can be reconstructed directly. It is possible, however, to pick out particular multi-body decay

modes and then to determine combinations of masses by measuring the endpoints of the visible

mass distributions [20-22, 20-23, 20-24, 20-25, 20-26, 20-27]. For example, in the decay

the endpoint of the dilepton mass distribution measures . In favour-

able cases, such measurements can be sufficient to fit the parameters of the model. If a long de-

cay chain can be identified, it is even possible to determine the masses involved without relying

on a model. This approach provides a much clearer physical interpretation than a global fit of a

model to all possible distributions, although the latter will of course be part of any eventual

analysis of data.

The starting point of such analyses is generally to reconstruct a specific mode at the bottom of a

decay chain. The SUSY production cross section at the LHC is dominated by gluinos and

squarks, which decay mainly through the lighter chargino and two neutralinos. For this reason

many of the analyses involve decays of the second neutralino:

• ;

• ;

• .

Decays of charginos are more difficult to use because they involve either a missing neutrino or

light quark jets. If the two-body decays of neutralinos are kinematically allowed, then they gen-

erally have substantial branching ratios. If they are not, then the three-body leptonic mode gen-
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erally has a branching ratio either comparable to the leptonic branching ratio or larger if

slepton exchange dominates. All of these modes will be illustrated in the following subsections

by analyses for the five SUGRA points listed in Table 20-3.

For moderate at least one of these decay modes is generally available. It is difficult to esti-

mate a precise reach without a detailed study of many points since the backgrounds are domi-

nated by SUSY, but a minimum requirement is that enough events be produced. The SUSY

production cross section times combined branching ratio for the sum of all dilepton modes

( , , and ) is shown in Figure 20-6, while that for

is shown in Figure 20-7. b-jet tagging assumed a tagging efficiency of 0.6 un-

less otherwise stated (see Chapter 10).

For very large the splitting among the slepton masses becomes larger, and the only two-

body decay available may be .

Figure 20-6 Contour plot of branching fraction times cross-section ( ) in pb for to produce a dilepton pair
in the minimal SUGRA model. This figure is based on a more recent implementation of electroweak symmetry
breaking than Figures 20-1 – 20-3 that does not give an excluded region at large  for .
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If this is the only two-body mode, its branching ratio will be nearly unity. This case is obviously

more difficult and will be discussed separately in Section 20.2.8 below. Given a starting point,

one then tries to work back up the decay chain to the primary gluinos and squarks, finding ad-

ditional exclusive modes and mass constraints. In general the longer the chain that can be iden-

tified and reconstructed, the stronger the constraints will be. For this reason, SUGRA models

generally are more difficult than GMSB models, which will be discussed in Section 20.3.

Sections20.2.3–20.2.7 describe such analyses for the five LHCC SUGRA points based on this

general approach. Unless otherwise stated, all the analyses described here are based on ISAJET

7.22 [20-15] or SPYTHIA 2.08 [20-16] plus ATLFAST [20-17] or a simple [20-22] particle-level

parametrisation of the response of the ATLAS detector. Results are generally shown for inte-

grated luminosities of to , corresponding to one to three years at low luminosity.

Pileup is not properly taken into account, so the results given for high luminosity may be too

optimistic. The statistics on the Standard Model backgrounds often correspond to much less

than one year. They are sufficient to show that the background is small compared to the signal

after the specified cuts but may exhibit large fluctuations.

Figure 20-7 Contour plot of  in pb for  to decay via  in the minimal SUGRA model.
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20.2.3 l+l− SUGRA signatures

At Point 3 the light charginos and neutralinos have no two-body decays, so the three-body

mode is relevant. The dominant SUSY cross section is gluino pair production. The

is 20 GeV lighter than the gluino, but the first and second generation squarks are heavier

than it, so the gluinos decay dominantly by , the only allowed two-body decay

mode. Since the is mostly , it decays mainly into . Specifically, the branching ratios are

[20-22, 20-24]

Thus the SUSY events at Point 3 are characterised by multiple leptons and multiple b-jets. While

these branching ratios are unusual because the gluino has just one two-body decay mode, it is

common for heavy flavour and leptonic decays to be enhanced.

Given these decay modes, events were selected by requiring [20-22, 20-24]:

• A pair of isolated electrons or muons of opposite charge and the same flavour with

 and .

• At least two jets tagged as ‘s having  and .

The threshold on lepton is such that only

events containing muons will be selected with

full efficiency by the trigger [20-28]. For elec-

tron pairs the threshold should be raised to

15 GeV. Within these kinematic cuts a -tag-

ging efficiency of 60% and a lepton identifica-

tion efficiency of 90% were assumed and

included in all distributions; the backgrounds

from misidentified leptons and -jets are negli-

gible. These cuts alone are sufficient to reject

most of the Standard Model background, so no

cut on was used. The resulting dilepton

distribution for the signal and for the sum of all

Standard Model backgrounds is shown in

Figure 20-8. The expected endpoint at

is very clear. The SUSY background comes

mainly from two independent decays; it is

responsible for the tail of events beyond this endpoint. The Standard Model background, which

is tiny, comes mainly from events. If the branching ratios were less favourable, one could plot

instead the flavour-subtracted combination and cancel the background up to

statistical fluctuations. Given the high statistics and small background, the endpoint can be de-

termined with an accuracy limited only by systematics, estimated to be 0.1% or 50 MeV.
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At Point 4 the light charginos and neutralinos also have no two-body decays. The three-body

decay is again observable although at this point the sleptons are heavy, so the decay

occurs through a virtual with a branching ratio of only . For the dilepton distribution

at Point 4, events were selected by requiring [20-25]:

• Two isolated, opposite-sign, same-flavour electrons or muons with and

; both leptons are required to have .

• .

• At least four jets with , 50, 50, and 50 GeV respectively and .

After these cuts, there are about 6500 signal events for an integrated luminosity of , with

a total Standard Model background of 550 events, mainly from . The mass distribution is

shown in Figure 20-9. Note that in addition to the edge there is also a peak in the signal. This

comes mainly from heavier gauginos: Point 4 is close to the boundary for radiative electroweak

symmetry breaking, so is small. A small implies not only that the heavier charginos and

neutralinos are relatively light but also that there is strong mixing between the gauginos and

Higgsinos, so they have gauge-like rather than Higgs-like couplings to light flavours. Thus, the

total production of the heavier gauginos is larger than is typical for SUGRA models. The heavy

gaugino branching ratios into ‘s are also quite large:

The endpoint of the dilepton distribution, which again measures , can be determined

more accurately by plotting the combination , in which two independent de-

cays – e.g., of charginos or of top quarks – cancel. This distribution is shown in Figure 20-10. The

Figure 20-9 Dilepton distribution for Point 4 (solid)
and Standard Model background (shaded).

Figure 20-10 Flavour subtracted mass distribution for
Point 4.
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error on the endpoint for three years at low luminosity was estimated [20-25] using a Kol-

mogorov test to be GeV, where the first error is statistical and the second is

systematic, coming mainly from the 0.1% uncertainty in the electromagnetic energy scale.

The size of the peak relative to the continuum and its distribution can provide informa-

tion on the masses and mixings of the heavier gauginos, albeit in a model dependent way. A full

analysis would require generating many samples of events varying all the parameters of the

minimal SUGRA or other SUSY model. To get an approximate indication of the sensitivity, only

the mass was varied holding the other masses fixed. A Kolmogorov test was then used to

determine the sensitivity of the distribution of the to the mass. This analysis gave

 for  [20-25].

At Point 5 the right-handed sleptons are relatively light, so the decay is open;

this is characteristic of SUGRA points that give an amount of cosmological cold dark matter

consistent with the universe having the critical density, , as predicted by inflation. Since

the sleptons are light, the dilepton signal comes from a two-body intermediate state, not from a

direct three-body decay. The signal comes mainly from squarks, either directly produced or

from gluino decay, so the SUSY events also contain hard jets. Events were therefore selected to

have [20-26]

• ;

• exactly two opposite-sign, same-flavour electrons or muons with and

;

• at least two jets with .

Figure 20-11 Dilepton signal at
Point 5 (solid), background from other SUSY sources
(dashed), and sum of Standard Model backgrounds
(dotted) after cuts.

Figure 20-12 Minimum- fit to flavour-subtracted
dilepton signal for Point 5 for an integrated luminosity
of .
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The and backgrounds are suppressed by the jet requirements and the background by

the hard kinematics and the leptonic branching ratios. After these cuts, therefore, one is left

with 5800 signal events with a background from other SUSY sources of 880 events and a Stand-

ard Model background of only 120 events. The mass distribution is shown in Figure 20-11. Be-

cause of the two-body kinematics, there is a very sharp edge at

with a width set by the detector resolution. Most of the small remaining background can be re-

moved by considering the flavour-subtracted combination . The position of

this edge can therefore be measured to an estimated precision of 0.5 GeV with an integrated lu-

minosity of  [20-26].

Any difference in the location of this edge for the and distributions would indicate a

difference in the corresponding slepton masses, so it is interesting to measure the edge as accu-

rately as possible [20-29]. Since the slepton is a scalar, the mass distribution before cuts is just

given by phase space, i.e.

, 20-6

where is the decay angle in the slepton rest frame and is uniformly distributed. Ac-

ceptance cuts should not distort this form significantly in the vicinity of the edge. A sample of

events, corresponding to an integrated luminosity of about , was generated with

ISAJET 7.37. For this analysis events were selected to have:

• ;

• ;

• at least four jets with ;

• two isolated, opposite-sign electrons or muons with  and .

The dilepton mass for the combination was then calculated. A minimum-

fit to the signal was made with MINUIT using the mass distribution from Equation 20-6

smeared with a Gaussian resolution; the errors were determined with MINOS [20-30]. It was

not possible to generate enough background to include it in the fit with realistic errors. This fit is

shown in Figure 22-12; it gave for an integrated luminosity of

with a resolution of . A maximum likelihood fit gave a consistent value with slightly

smaller errors. The effect of pileup was not taken into account in this analysis. The fitted values

are not quite consistent with the expected , presumably because of small effects from

the acceptance cuts and fitting procedure; this has not been investigated. The derivative of the

edge position with respect to the slepton mass vanishes at the geometric mean of the and

masses but in general is of order unity. For the masses at Point 5
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Given the large sample of events, it

should be possible to control the systematic er-

rors to less than 0.1%. Therefore, the dilepton

endpoint would be sensitive to any difference

in the right-handed slepton masses at about

the 0.1% level, assuming of course the same

event rates as at this point. The possibility of

achieving an understanding of the energy and

momentum scales at the level of 0.02% is in-

vestigated in detail in Chapter 9]. If this reso-

lution could be achieved, the uncertainty on

the edge measurement would be probably

dominated by the statistical error, and by the

uncertainties in the modelling of the back-

ground. No mass difference is expected in the

minimal SUGRA model because of the postu-

lated universality. However, mass differences

and lepton flavour mixing can easily be

present in more general SUGRA-type models

with realistic GUT-scale dynamics and can

give observable effects both at the LHC and in

rare low-energy processes such as  and  conversion [20-31].,

There is much more information available from the dilepton events. A variable that is particu-

larly sensitive to the slepton mass is , the ratio of the softer to the harder lepton; a

slepton mass close to either the or the mass will obviously make one of the leptons soft.

Figure 20-13 shows this ratio for the nominal slepton mass at Point 5, 157 GeV, and for two oth-

er masses [20-26]. This distribution should be sensitive to changes in the slepton mass of a few

GeV fixing the masses of and . A complete analysis would involve generating samples of

events varying all the masses and the distribution and then fitting the resulting ,

, and distributions plus the distribution of the signal from

 to be discussed in Section 20.2.5 below. Such an analysis has not yet been done.

20.2.4 More complex leptonic SUGRA signatures

The or decays discussed in the previous section can be the starting

point for many more complex analyses that work back up the decay chain to obtain information on

other SUSY particles. Examples will be given for all the points having such decays.

20.2.4.1  Squark and gluino reconstruction at Point 3

Most of the dileptons in Figure 20-8 for Point 3 come from the decay chain

.

Figure 20-13 Ratio of the softer to the
harder lepton for Point 5 and two other values of the
slepton mass.
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To reconstruct the gluino and in this chain,

events with two opposite-sign, same-flavour

leptons ( in this section) and at

least two -jets were selected as before. The

dilepton pair was required to be near the end-

point, . Since the dilep-

ton pair is near its maximum value, both the

dilepton pair and the are forced to have

low momentum in the rest frame of the , so

the momentum in the laboratory frame is

determined to be

. 20-7

Of course the mass is still unknown and

must be determined from an overall fit; a first

approximation would be to estimate it from

the dilepton endpoint assuming

, as is generally true in models

with gauge coupling unification. The energies

and momenta of the tagged -jets were corrected to the true energy (see Section 12.5.1.3), to ac-

count for losses from neutrinos and from energy leaking out of the cone. This correc-

tion was actually derived for the analysis and will be discussed in Section 20.2.5 below.

The reconstructed momentum was combined with one -jet to form the mass and then

with a second b-jet to form the mass. Since the mass difference is small, the resolution on the

difference is better than that on the individual masses; the kinematics is analogous to that famil-

iar from . The resulting scatter plot assuming the correct mass is shown in

Figure 20-14, and the projections on the two axes are shown in Figures 20-15 and 20-16. While

Figure 20-15 projection of the scatter plot in
Figure 20-14.

Figure 20-16 projection of Figure 20-
14. The dashed curve shows the projection with a cut

.

Figure 20-14 Difference of the reconstructed gluino
and sbottom masses as a function of the recon-
structed sbottom mass at Point 3. The nominal
mass is used in the plot.
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there is a lot of combinatorial background, the peaks are clearly evident. The statistical errors

are negligible, so the errors on the masses are determined by the systematic error on the jet ener-

gy scale and the dependence on the mass. The difference is insensitive to the

assumed mass, while the reconstructed mass peak shifts linearly for events with

within of its peak value. Combining this with the energy scale uncer-

tainty gives [20-24]

where is the difference between the true and assumed masses. At least within the

context of the minimal SUGRA model the mass can be determined accurately by a global fit,

as discussed in Section 20.2.9.

Light quarks at Point 3 can be reconstructed in a similar way using the decay , which

has a branching ratio of about 10%. There is an enormous background from , so events

with -jets must be vetoed. Based on the trade-off between tagging efficiency and light quark

rejection found in the -tagging studies documented in Chapter 10 and in the ATLAS Technical

Proposal [20-21], this analysis assumed a 90% veto efficiency of -jets with a 25% mistagging of

light jets as ‘s. Events were selected to have

• at least one jet with  and ;

• no tagged -jets with and

;

• an opposite-sign, like-flavour pair

with .

The momentum was reconstructed as be-

fore from the visible dilepton momentum; it

was then combined with any jet having

and to give the mass dis-

tribution shown in Figure 20-17. There is a

clear signal. Even with a 90% veto efficiency

there is a significant number of -jets remain-

ing in this plot. The signal for true light quark

jets as determined from the event generator is

shown as the dashed curve in the figure. If the

veto efficiency were raised to 95% using an al-

gorithm optimised for rejection rather than for

tagging, then approximately half of this back-

ground would be removed, and the peak

would shift upward, closer to the mean

mass of 310 GeV. The combinatorial back-

ground, shown as the shaded histogram in

Figure 20-17, was determined by mixing a from one event with a jet from another. Because

there is a lot of background, the error on the mass is conservatively estimated to be

[20-24]; the purely statistical error would be much less than this.
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Figure 20-17 Reconstructed mass at Point 3. The
combinatorial background is shown as a shaded histo-
gram, and the signal due to real ’s as the dashed
histogram. The remaining events are due to misidenti-
fied light quark jets.
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20.2.4.2 Gluino reconstruction at Point 4

At Point 4, is large and the squarks are very heavy, so gluino pair production strongly dom-

inates the SUSY cross section. Nevertheless, reconstructing gluinos is not trivial because of the

many competing and complex decay modes. The approach used here is to select events with

one gluino decaying via and the other via with both gauginos decaying

leptonically, giving three leptons and at least four jets. (Two neutralino leptonic decays could

also be considered, but this has a smaller branching ratio.) Since the and are almost al-

ways nearly degenerate, the mass of the two jets from a single gluino has an endpoint at the dif-

ference between the gluino mass and the common gaugino mass. The goal of the analysis is to

reconstruct this endpoint.

Events were selected to have:

• three isolated leptons with , 10, and 10 GeV and , with at least one oppo-

site-sign, same-flavour pair;

• at least four jets with , 120, 70, and 40 GeV and ;

•  for any opposite-sign, same-flavour lepton pair to reject  backgrounds;

• no additional jets with and to reduce combinatorial background. This

jet veto cut has an efficiency of 35% for the signal.

The lepton and jet cuts eliminate the Standard Model background, so no cut is used in

this analysis. For an integrated luminosity of there are after these cuts about 250 signal

events, 30 SUSY events containing only one gluino, and 18 background events from and

SUSY sources. There are three ways of combining the four jets into two pairs. The pairing of the

two hardest and the two softest jets is less likely to be correct and so is excluded. The jet-jet mass

distribution for the remaining two combinations is shown in Figure 20-18. This figure also

shows the distribution for the correct pairing only, based on information from the generator.

Figure 20-18 Dijet mass distribution for SUSY signal
at Point 4 showing all combinations (solid) and only
the correct combinations (dashed).

Figure 20-19 Dijet signal and sum of all backgrounds
for Point 4.
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The signal plus the sum of all Standard Model backgrounds is shown in Figure 20-19 compared

to the background. There is clearly structure in the distribution at about the right mass, but it is

not very sharp.

To test the sensitivity of this analysis, events were generated for several different gluino masses

keeping all other parameters fixed, and the resulting distributions were compared using a Kol-

mogorov test. This leads to an estimated error for  of [20-25]

,

where the first error is statistical and the second is systematic. The statistical error is reduced to

for . The systematic error is dominated by the 1% uncertainty on the jet

energy scale.

20.2.4.3 Squark reconstruction at Point 5

At Point 5 gluinos are heavier than squarks and decay into them, so the three-step decay chain

is the dominant source of the dilepton signal considered in

Section 20.2.3. Long decay chains generically give multiple constraints; this one gives con-

straints from an edge and an four-body endpoint in addition to the dilepton endpoint.

These provide three constraints on the four masses involved. (Additional constraints are dis-

cussed in Sections20.2.5 and 20.2.6 below.)

The analysis used the same event sample as

that which led to Figure 20-12. Events were se-

lected to have [20-29]:

• at least four jets defined with an

cone, with and

;

• , where is defined

by Equation 20-5;

• ;

• two isolated, opposite-sign leptons with

 and .

In the cascade decays of squarks and gluinos

in Point 5 the hardest jets in the event are typi-

cally produced in the decays and

. The leptons were therefore com-

bined with each of the two hardest jets to ex-

tract information on the squark mass. The

smaller of the two invariant masses should be less than the four-body endpoint for the decay

chain, namely

.
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Figure 20-20 Smaller of the two masses for the
signal at Point 5.
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The distribution should vanish linearly at this endpoint as a result of the four-body phase space.

The distribution of the reconstructed smaller mass is shown in Figure 20-20 for the combination

. In this combination the background from two independent decays can-

cels out. The Standard Model background is not shown but is obviously small, as can be seen

from the previous dilepton analysis. The figure also shows a linear fit near the endpoint. It ex-

trapolates to 564.0 GeV, 2.1% above the nominal value, providing a first estimate of .

The and endpoints can be determined more precisely using a fitting procedure that takes

into account the smearing due to resolution and jet reconstruction. Events were selected in

which one of the masses is less than 600 GeV and the other is greater, so that only one pair-

ing of the dilepton pair with one of the two hardest jets is kinematically consistent with the de-

sired decay chain. The cut was chosen to be above the endpoint in Figure 20-20 but is otherwise

somewhat arbitrary. The distribution for this subsample, including both lepton-jet pairs

from the low-mass combination, is shown in Figure 20-21. It should have an edge from the

combination of the quark and the ‘right’ lepton – i.e., the one emitted first and so adjacent to the

quark in the decay chain – which from two-body kinematics is

.

The edge in the figure is not very sharp, so its precise location is not obvious. A fit was therefore

made using the theoretical shape of the edge, Equation 20-6 in Section 20.2.3, smeared with a

Gaussian resolution. This procedure, which is similar to that for the fit shown in Figure 20-12,

assumes that the jet mass can be neglected. The fit, which is shown as the smooth line in

Figure 20-21, gives , which is 9.6% low, and . The smearing

will also shift the endpoint. Figure 20-22 shows a fit using an empirical form with a linear

plus a quadratic term near the endpoint,

,

Figure 20-21 mass distribution for combinations
with . The smooth curve is a fit to
the theoretical form smeared with a Gaussian.

Figure 20-22 Fit described in the text to the smaller of
the two masses.
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smeared with the same Gaussian; a linear term was also included in the fit to describe the re-

gion beyond the endpoint. This fit produces the smooth curve in Figure 20-22 and

, which is 9.9% low. Presumably the low values reflect energy loss out of

the small jet cones, , and the neglect of the jet masses. To understand the shifts and the

associated errors in detail, it would be necessary to generate and to analyse a number of differ-

ent samples of events. This has not been done.

The ratio of the  and  endpoints is independent of the squark mass,

,

and it should be less sensitive to the jet energy scale and to jet clustering than either of the indi-

vidual endpoints. The smeared fits give 0.870 for this ratio. This probably is fortuitously good

agreement, although an analysis of the same data sample using jets defined with gave

an equally good result. More study of the systematic errors from the fitting procedure is needed.

There is also a linear vanishing of the distribution for the mass combination formed with

the ‘wrong’ lepton and the jet at

.

Since this endpoint is below the edge of the distribution with the right lepton, it is not usable; an

analogous endpoint is used for the GMSB model studied in Section 20.3.1.

20.2.5 h → bb SUGRA signatures

If the two-body decay is kinematically allowed, it generally has a substantial branch-

ing ratio because the light neutralinos are dominantly gauginos. In many cases it is possible to

reconstruct as a resonance peak in the SUSY event sample. This signal may be easier to

detect than and so provide the discovery mode for the light Higgs boson, although the

signal is still important to measure the mass precisely. The Higgs signal can also provide a

good starting point for further analysis of SUSY particles. Points 1, 2 and 5 all have substantial

 decays that can be reconstructed and used in this way.

At Point 1 the branching ratio for is near unity; since the light neutralinos are mainly

gauginos, the branching ratio for the only other two-body decay, , is small. Hence,

about 20% of SUSY events contain at least one . The following cuts were chosen [20-29]

to select the signal and eliminate Standard Model backgrounds:

• ;

• exactly two tagged -jets with (as usual a b-tagging efficiency of 60% is

used);

•  to help suppress  background;

• a lepton veto, also to help suppress  background;

• at least two additional jets with , at least one of which has .
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With these cuts the signal to background ratio is very good, as can be seen in Figure 20-23. For

an integrated luminosity of there are 980 signal events with a SUSY background of 180

events and a Standard Model background of only 75 events in a bin of around the

Higgs mass. Given this rate it would be much easier to discover the light Higgs by selecting

SUSY events than in the inclusive  mode.

Since the gluino is heavier than the squarks at this point, the dominant source of the signal is the

decay chain , in which the squark may be produced either directly or from a

gluino. For this decay chain there is a maximum value of the invariant mass that is deter-

mined by two-body kinematics [20-22]:

. 20-8

About 70% of the signal comes from production, either directly or from gluino decays,

with and . Hence, it is advantageous to obtain a cleaner sample by selecting

events with only two hard jets in addition to the pair of -jets within of the peak, ve-

toing events having any additional jets with and . Then the hard jets are like-

ly to come from the squarks, so the smaller of the two masses should be less than the

endpoint for squark decay. As can be seen from Figure 20-24, the distribution for the smaller

mass has a much better defined endpoint than that including both combinations. The estimated

error [20-29] on this endpoint is for . The improvement in the error for three

years at high luminosity is estimated to be about a factor of two, limited both by the jet energy

scale and by the reduced -tagging efficiency at high luminosity.

Figure 20-23 Mass distribution for two tagged -jets
at Point 1 for . The dotted curve is the SUSY
background, and the shaded histogram is the sum of
all Standard Model backgrounds.

Figure 20-24 mass distribution for events within
of the peak in Figure 20-23. Top plot: com-

bination with smaller mass. Bottom plot: all combina-
tions.
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For Point 2 with the light gauginos have more Higgsino content. Hence the branch-

ing ratio for is about 65%, with the rest of its decays being mainly . The

branching ratio for the same parameters with is about 91%. The dijet mass

resolution is not good enough to separate the and decays, so it is important

to study the  signal as well. For the  signal events are selected to have [20-23]

• ;

• at least two jets not tagged as ‘s with ;

• two tagged -jets with ;

• .

For the dilepton sample the cuts are

• ;

• at least two jets not tagged as ‘s with ;

• two opposite-sign, same flavour leptons with .

Figure 20-25 dijet and dilepton mass distributions for Point 2 and for a point with same parameters except
. The shaded distributions show the Standard Model backgrounds.
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The resulting dijet and dilepton mass distributions are shown in Figure 20-25 for both signs of

. Even after correction for the kinematic cuts and for efficiencies these distributions do not di-

rectly measure the branching ratios, since there is a non-negligible contribution to the sig-

nals from . Hence, while the measurement is clearly useful, it is not easy to translate

into limits on the SUSY model without a more detailed analysis.

The analysis at Point 5 is quite similar to that at Point 1. The following selection cuts are

made to select the signal and reject both SUSY and Standard Model backgrounds [20-26]:

• ;

• two tagged -jets with ;

• no additional -jets with ;

• at least two jets with ;

• no isolated leptons with .

The signal and backgrounds after these cuts are shown in Figure 20-26. The event and detector

Monte Carlos were used to derive a correction to the -jet energy scale for losses from energy

out of the cone used to define the jets and from neutrinos. With this correction, the mass of the

Higgs can be measured with an estimated error of 1 GeV from this distribution with of

luminosity. Again, it is easier to discover the Higgs in this channel than in , although the

latter will provide a much more accurate mass.

The Higgs signal comes from a mixture of gluino and squark production, but in most cases the

two hardest jets come from the squark decays whether they are produced directly or in gluino

decays. Therefore, the smaller of the two masses formed from the Higgs plus one of these two

hardest jets should have an endpoint given by Equation 20-8. This distribution is shown in

Figure 20-26 Corrected mass distribution for two -
jets for Point 5 Higgs SUSY signal (solid), SUSY back-
ground (dashed) and Standard Model background
(dotted).

Figure 20-27 Smaller mass for events in the
Higgs peak in Figure 20-26.
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Figure 20-27 and indeed exhibits the expected endpoint. If the remaining masses in

Equation 20-8 are known from other measurements, then the estimated error on the mass is

 for , dominated by the jet energy scale [20-26].

20.2.6 Thresholds and model-independent SUGRA masses

In multi-step decays such as or , there is in general both

a maximum and a minimum value of the observable mass as a consequence of two-body kine-

matics. The minimum value comes from a backwards decay of the second SUSY particle in the

centre of mass of the first and can provide a measurable ‘threshold’ that determines a different

combination of masses than the edges discussed previously [20-29]. This is analogous to the

method proposed to measure SUSY masses at machines [20-32]. For

at a fixed centre-of-mass energy, the maximum and minimum values

of the muon energy determine the and masses. For the LHC case, the squark mass plays

the role of the initial energy, and invariant masses rather than laboratory energies must be used,

but the basic idea is the same. At Point 5 the threshold can be measured and combined

with the results discussed previously to determine the , , , and masses using only

kinematics rather than relying on a fit to the minimal SUGRA as in Section 20.2.9 below. In this

sense the determination of the masses is model independent; the feasibility of doing such an

analysis is of course very model dependent.

At Point 5, the dilepton mass from is fixed by the , , and masses and

by , where is the decay angle in the centre of mass relative to the direction.

These quantities also determine the dilepton momentum in the centre of mass. If this mo-

mentum is not too large – i.e., if the minimum dilepton mass is not too small – then there is obvi-

ously a minimum mass from the decay chain. The general

expression is rather complicated but simplifies somewhat for :

Figure 20-28 Distribution of the larger mass at
Point 5 for and a fit described in the
text.

Figure 20-29 Distribution of the larger mass at
Point 5. No sideband subtraction or -jet energy cor-
rection has been made.
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where the shorthand notation , , , and has

been used and where all quark and lepton masses have been neglected. For the masses at

Point 5, .

To extract this threshold, the same sample of events was used as for Figure 20-12. Events were

selected as before with the additional requirement , corresponding to . The

cross section is dominated by squark pairs produced either directly or from gluino decay. There-

fore, the larger of the two masses formed from the dilepton pair and one of the two highest

jets was selected; since the hardest jets presumably come directly from the squark, at least

one of the two combinations should be greater than the minimum for squark decay. To extract

the position of the edge, a fit was then made using the empirical functional form

smeared with a Gaussian resolution. The parameters are the desired , the width of the

Gaussian resolution, and the coefficients . If the width was left free in the fit, then the result

was quite sensitive to the interval included, so the width was constrained to be 10% of ,

similar to what was found before. The distribution for and the resulting fit are shown

in Figure 20-28. The fit with MINUIT and MINOS gave , a statistical error

of about . The of the fit is poor mainly because of the few bins near 200 GeV; these bins

presumably also are responsible for the instability of the fit when the width was left free. Clear-

ly more study is needed to understand the shape of this distribution and the optimal fitting pro-

cedure, but it seems plausible that this edge could be measured to .

Two-body kinematics implies that there is also a threshold for the mass from

 at

,

where the same shorthand notation as before is used. For Point 5, . Events

were selected having exactly two -jets with , and the larger of the two

masses formed by these and one of the two hardest jets in the event was taken. This distribution

is shown in Figure 20-29 with no correction for the -jet energy scale or sideband subtraction.

Clearly this analysis could be improved, but it is unlikely to be as precise as the threshold.

For now it is included in the analysis with a large error, .

For Point 5, although the edge, edge, 4-body endpoint, and edge described

earlier give four constraints on the , , , and masses, it turns out that there exists a so-

lution for any value of the mass. Including the threshold described here makes it possi-

ble to determine all the masses involved from kinematics alone. The errors for of

luminosity are assumed to be 1% on the and edges, 2% on the threshold, and

negligible on the edge. These constraints were solved numerically: the , , and mass-

es were generated with uniform random distributions within of their input values, and

the mass was computed from these and the edge. The measured quantities were then
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calculated, and the point was weighted using the assumed errors with Gaussian distributions.

The resulting masses [20-29] are shown as scatter plots in Figures 20-30 and 20-31. Clearly the

allowed masses are highly correlated. The width of the distributions of the difference between

true and reconstructed mass is about for the squark mass, shown in Figure 20-32, for

the mass, for the slepton mass, and for the mass, shown in Figure 20-33. The

widths of these distributions are mainly controlled by the error on the threshold. If this

constraint were not included, the mass would be essentially undetermined. If this error

could be reduced to with a more sophisticated fitting procedure and several years at full

luminosity, the error on the  mass would be reduced to about .

Figure 20-30 as a function of
for masses from model-independent

analysis for Point 5.

Figure 20-31 as function of
for masses from model-independent analysis for
Point 5.

Figure 20-32 Distribution of the fractional difference
between the reconstructed and the true squark mass
from model-independent analysis for Point 5.

Figure 20-33 Distribution of the fractional difference
between the reconstructed and the true mass from
model-independent analysis for Point 5.
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The errors obtained here are of course larger

than those found in Section 20.2.9 below by fit-

ting the minimal SUGRA model to the same

measurements, but this analysis is done with-

out assuming that the underlying model is

known and would still be possible even if the

model has a large number of parameters. The

interpretations that rather than is the

main source of and the lighter slepton is a

rather than an are of course model de-

pendent assumptions, although ones that are

much more general than the minimal SUGRA

model. While the specific results only apply to

this particular point, any long sequence of de-

cays like will in

general give multiple constraints that poten-

tially allow the individual masses to be deter-

mined through the measurement of several

kinematic endpoints. Another example of the

power of identifying long decay chains is pre-

sented for one of the GMSB points in Section 20.3.3.1.

For Point 1 there is no dilepton signature, so the threshold, located at , is

more useful. Events were selected with two -jets near the Higgs mass, two hard jets, and no

other jets with to reduce the combinatorial background. The momenta of the -

jets were then rescaled to give the correct Higgs mass, and the larger of the two masses formed

by these and one of the hard jets was selected. This distribution is shown in Figure 20-34. More

study is needed to understand how to extract the edge from this distribution, but it clearly con-

tains useful information.

20.2.7 Other signatures for SUGRA Points 1 – 5

While signatures based either on or on are rather generally applicable,

other exclusive modes can be reconstructed in special cases. This subsection contains a number

of examples for the five LHCC points listed in Table 20-3. In some cases masses have been ex-

tracted by using the shapes of distributions and not just kinematic endpoints.

20.2.7.1  signature at Point 1

At Points 1 and 2 the branching ratio for is near unity, so production of pairs gives

rise to events with two hard jets, no other jets except those from QCD radiation, and large miss-

ing transverse energy. The following cuts were made [20-23] to extract the signal and reject

Standard  Model backgrounds:

• ;

• two hard central jets with  and ;

• ;

•  between the two jets;

Figure 20-34 Distribution of the larger mass at
Point 1after rescaling the -jets to .
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• no additional jets with and at low luminosity or at high

luminosity;

• no leptons or -jets.

After these cuts the SUSY signal is dominated by pairs and associated production, and

the Standard Model background is quite small. The resulting and mass distributions for the

two hard jets are shown in Figure 20-35. The relative backgrounds for high luminosity are

slightly worse because of the need to relax the jet veto. While these distributions do not exhibit

any endpoints or other structure that can be directly related to masses, they are still sensitive to

the squark mass. Figure 20-36 shows the distributions for three different squark masses; a

Kolmogorov test using these shapes is able to distinguish masses differing by about .

After systematic effects – including the jet and energy scales, uncertainty in QCD effects

such as initial state radiation, and the error in the mass – are taken into account, the sensitiv-

ity of this distribution to the mass is estimated to be about for and about

 for [20-23].

Figure 20-35 Distributions for the signal plus background (curves) and background (shaded) of the of the
hardest jet and the hardest two jets, the dijet mass, and the dijet  for the  production signal at Point 1.
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20.2.7.2  signature at Point 4

Point 4 was chosen to be close to the boundary for radiative electroweak symmetry breaking.

Hence, is relatively small, and there is a large mixing between gauginos and Higgsinos. Pro-

duction of the heavier charginos and neutralinos is therefore enhanced; about 85% of the

 peak in Figure 20-10 comes from .

To select these events and reject Standard Model backgrounds the following rather tight re-

quirements were imposed [20-25]:

• two isolated, opposite-sign, same-flavour leptons with and having

;

• a third isolated lepton with  and ;

• ;

• at least four jets with  and .

The last three cuts are mainly intended to remove the Standard Model backgrounds. After these

cuts there about 250 signal events, 60 background events from other SUSY processes, and 4

events, the dominant Standard Model background, for an integrated luminosity of .

Figure 20-36 Jet distributions for three different squark masses, 750, 950, and 1150 GeV, at Point 1 (full
lines), and the sum of all backgrounds (hatched).
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The rate for in SUSY events provides

a rough estimate of the mass,

. The mean transverse

momentum of the is also sensitive to

the masses [20-25]. A full analysis would re-

quire comparing all the relevant distributions

with many samples of events varying all the

model parameters. As a first step, several

SUSY samples were generated changing

keeping everything else constant [20-

25]. The for these samples is shown in

Figure 20-37. The mean can be measured to an

accuracy of for and

for ; the corresponding statistical er-

rors on the mass are three times greater. The

systematic errors are unimportant compared

to the statistical errors. Various systematic ef-

fects on the relation between and

could be important and were considered [20-

25]. If initial state radiation is switched off

completely, decreases by only 5 GeV. The

corresponding error on the mass should be

much smaller than this. The value of also depends on the gluino and masses. Within

the minimal SUGRA framework, these have estimated errors from other measurements of

and respectively, and variations within these limits have a negligible effect

on the mass measurement. The final estimate of the result from this method is therefore

for low luminosity and for high luminosi-

ty, where the first error is statistical and the second is systematic.

20.2.7.3 Top production signature at Point 5

At Point 5 there is significant top production in SUSY events from and , where

the and may be produced either directly or from gluino decays. Since there are not

enough constraints to reconstruct a missing neutrino, it is necessary to rely on hadronic top de-

cays. The following cuts were used to make a first selection of events [20-26]:

• ;

• no leptons and -jets;

• two and only two tagged -jets with ;

• at least four additional central jets with  and .

Top candidates were then selected from this sample of events:

1. Pairs of jets not tagged as ‘s with a mass were selected, and the

mass  of these with one of the tagged -jets was calculated.

2. The pairings were required to be unique, so no jet is used twice.

3. The pairing that minimised  was chosen.

4. The momenta were rescaled to obtain the correct mass, and the mass was re-

computed.

Figure 20-37 Variation of the mean with the
 mass at Point 4.
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Each step narrows the width of the peak at the top mass. The final result after all four steps

is shown in Figure 20-38, where the SUSY combinatorial background was estimated using the

sidebands and . The peak with the combinatorial

background subtracted is shown in Figure 20-39. For an integrated luminosity of , 1200

SUSY events are expected having a pair with reconstructed masses within of the

top mass. (It should be noted, however, that this analysis is based on PYTHIA 2.08; ISAJET 7.27

predicts a smaller signal). Since direct production is small, the observation of provides an

indication that is kinematically allowed. Partial reconstruction of either the di-

rect production or the gluino decay is not easy due to the large SUSY backgrounds but could

provide additional constraints on the SUSY model [20-26].

20.2.7.4 Direct slepton production at Point 5

At Point 5, while the are copiously produced in cascade decays involving the , the are

produced mainly through the Drell-Yan process . Since the branching ratio

for is larger than 95%, the signature is an acoplanar pair of opposite-sign, same-flavour

leptons, large , and no additional jets. The potential backgrounds from and from other

SUSY processes are much larger than the signal, so rather hard cuts are necessary.

The signal and the Standard Model and SUSY backgrounds were generated with PYTHIA, and

the detector response was simulated with ATLFAST. For low luminosity the following cuts

were applied [20-26]:

• ;

• two opposite-sign, same-flavour leptons ( ) with  and ;

• angular separation  for the two leptons;

• no jets with  and .

Figure 20-38 Top signal (open), estimated combina-
torial background (shaded) at Point 5, and SM pro-
duction.

Figure 20-39 Background-subtracted top signal at
Point 5.
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Such a strict jet veto is needed to reduce the background to an acceptable level, while the

cut helps to reduce the background. These cuts also essentially eliminate the back-

ground, which gives leptons that are softer and/or more collinear. The jet veto is sufficient to

make the other SUSY backgrounds negligible. After these cuts, there is a total of 58 signal

events, with backgrounds of 14  and four  events for an integrated luminosity of .

Since the number of events is small, it is im-

portant to extend this search to high luminosi-

ty. This requires relaxing the jet veto. The last

two cuts above were replaced by:

• angular separation for the two

leptons;

• no jets with  and .

With these cuts there are a total of 600 signal

events with backgrounds of 140 events

and 140 events for an integrated luminosity

of . While the signatures for sleptons

are obviously difficult, it would be possible to

detect the at this point with ATLAS using

the full luminosity of the LHC.

The dilepton signal does not provide a direct

measurement of the slepton mass. Since the

Drell-Yan cross section can be calculated with

reasonable accuracy, it is possible to estimate

the mass using the observed rate, but the accu-

racy will be limited by the knowledge of the efficiency of the cuts and by the uncertainty on the

branching ratio and on the luminosity measurement (See Chapter 13). There is also sensitivity

to the mass in the kinematic distributions, specifically in the of the dilepton pair. This distri-

bution is shown in Figure 20-40 for two different values of the slepton mass. A very precise

measurement of the mass seems difficult.

If the were slightly heavier, then it would also be possible to search for a four-lepton signal

from one decay and one decay. In principle the endpoint of the trilep-

ton mass can be used to determine the slepton mass, although the rates are marginal. Such a

case is discussed in Section 20.2.10 below.

20.2.8 Exclusive SUGRA measurements for large tan β

SUGRA phenomenology for is more complicated because of the need to include addi-

tional Yukawa couplings and mixings in the and sectors. For this technical reason the five

LHCC SUGRA points were all selected to have . Hence, at least one of the modes

, , or was available for each point to provide a good starting point

for exclusive measurements. There is, however, no reason to disfavour larger values of .

The most important effect of large is that the splitting between the and the other slep-

tons is increased. If is small enough so that and are forbidden and

large enough that is also forbidden, then the only allowed two-body decays for the

light gauginos can be and . These modes are then dominant, and none of the

signatures discussed in Section 20.2.3 – 20.2.7 can be used.
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WW tt 30 fb 1–

Figure 20-40 Distribution of the of the selected
dilepton pairs for two values of the  mass.
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SUGRA Point 6 in Table 20-3 is an example of such a point. The masses are listed in Table 20-4.

Since the masses are light to avoid , the cross section is large, 99 pb. Some of the most

important branching ratios are

To study this point it is essential to use decays. Since SUSY events have additional missing en-

ergy from the , it is not possible to reconstruct the momenta using the missing transverse

energy as is done for in Section 9.3.3.4. Therefore, this analysis relies mainly on hadronic

decays; the selection is biased towards multi-body decays, e.g., or , so that the

visible momentum is closer to the true  momentum.

ISAJET 7.37 was used [20-33] to generate a total of 600000 signal events. Because the masses are

low, the cross section is large; this sample corresponds to an integrated luminosity of about

. The response of ATLAS to these events was simulated with a simple particle-level simu-

lation, including Gaussian resolutions and overall coverage but no cracks or non-Gaussian tails.

Jets with were found using a simple fixed-cone jet algorithm with . Leptons

were required to have and and to be isolated, with in a

cone. An additional efficiency of 90% is included for each lepton. Where relevant, jets

were assumed to be misidentified as photons with a probability of , significantly worse

than what is actually expected.

Such a simple, particle-level simulation is inadequate to describe the measurement of ‘s; for

example, the conversion of photons in the tracker has a non-trivial effect on the observed multi-

plicity in jets. Hence, a parametrisation of the response based on full GEANT simulation was

developed [20-34]. Several samples of events in various ranges were generated with

PYTHIA, and the ATLAS response was simulated with DICE and ATRECON. An algorithm to

identify -jets based on the jet mass, multiplicity, and isolation criteria based on this simulation

was then developed. The algorithm, described in Section 9.3.3.2, was optimised for mass res-

olution rather than identification, so it is biased both against single pion decays and against

jet masses greater than . It accepts 41% of the hadronic decays while giving a rejection of

about 15 against light quark jets, which is adequate for the purpose. The mean value of the visi-

ble mass is for all of the ranges considered, and the resolution is approxi-

mately Gaussian with . The sign of the is identified correctly 92% of the time,

from the charge of the tracks ascribed to the  decay.

These results from full simulation provided the basis for identification and reconstruction in

the SUSY and the Standard Model background samples. The jets found from the particle-level

simulation were compared with the ‘s from the event generator. If there was a within

of a jet and its hadronic decay products satisfied , the jet was assumed to be

a ; otherwise it was assumed to be a normal jet. The identification or misidentification prob-

abilities from the full simulation were then applied to obtain the reconstructed ‘s. Masses for

pairs were calculated by smearing the generated masses with the resolution and shift from

the full simulation rather than by using the jets. The charges were also assigned using the prob-

abilities from the full simulation. This approach makes it possible to apply at least the main re-

sults from the GEANT simulation to large event samples.
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20.2.8.1 Effective mass

The first step in the analysis is to look for a de-

viation from the Standard Model with a strate-

gy similar to that for moderate . Gluinos

and squarks decay to give signatures with

multiple jets (including -jets) and missing

energy. Events were selected with cuts very

similar to those used in Section 20.2.1:

• at least four jets, some of which may be

‘s, with ;

• ;

• transverse sphericity ;

• no or isolated with and

.

Figure 20-41 shows the distribution of effec-

tive mass after these cuts. As before, the

signal dominates over the background for

large by about a factor of ten. Since the

masses must be fairly low to exclude

, the cross section is large. Discovery of this signal is therefore easy and does not de-

pend on measuring ‘s.

20.2.8.2  mass distribution

It can be seen from Figure 20-41 that the SUSY signal dominates over the Standard Model back-

ground if the lepton cut is replaced by: .

Two ‘s are also required, and the lepton veto is then omitted. If the mass distribution could

be measured directly, it would show a sharp edge from  at

.

The selection discussed earlier is biased towards higher mass decays, for which the visible en-

ergy is closer to the true energy. The visible mass distribution is shown in Figure 20-42 for

real pairs and for pairs made with a fake . The edge structure is clearly visible in the real

distribution, although it is of course smeared out by the missing neutrinos. The fake mass distri-

bution is concentrated at higher masses, reflecting the larger gluino and squark masses.

Figure 20-43 shows the distribution of visible masses resulting from scaling the generated mass-

es by from the nominal values in order to test the sensitivity. These curves could be dis-

tinguished statistically, but understanding the background under the edge might be a problem

since it is still quite large.

Figure 20-41 Effective mass distribution for Point 6
signal (open) and sum of Standard Model back-
grounds (shaded) after cuts.
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Since the SUSY cross section is dominated by

and production and the gluino is a Ma-

jorana fermion, most of the background from

two decays cancels in the

combination. The fake back-

ground has random signs, so it also cancels.

The mass distribution is shown in

Figure 20-44. The fake background is much

smaller and the signal to background ratio for

the edge is much better than in the previous

figures. The signal beyond the endpoint is real

and comes from and decays. Since the

real fluctuations would be smaller than those

in Figure 20-43, and decays are well under-

stood, an error of 5% on the endpoint

should be achievable. The dominant error

probably comes from the uncertainty on the

effect of the identification cuts and so is dif-

ficult to estimate without much more study.

20.2.8.3 Reconstruction of

At Point 5 it was possible to combine a pair with a hard jet to obtain a signal for (see

Section 20.2.4.3). While a similar analysis is possible in principle for Point 6 using a pair, it

is much more difficult. It seems necessary both to use heavy flavour tagging and to reconstruct

the gluino to get a good signal.

Figure 20-42 Visible mass at Point 6 after cuts.
The dashed curve is the background from fake ‘s;
the shaded histogram is the Standard Model back-
ground.

Figure 20-43 Visible mass distribution for real
pairs from Figure 20-42 compared with same distribu-
tions scaled by .

0

500

1000

E
ve

nt
s/

2.
4 

G
eV

/1
0 

fb
-1

25 50 75 100
Mττ (GeV)

0
0

500

1000

E
ve

nt
s/

2.
4 

G
eV

/1
0 

fb
-1

0 25 50 75 100
Mττ (GeV)

ττ
τ

ττ

7.5%±

Figure 20-44 mass distribution for Point
6 signal (solid) and for background from fake ‘s
(dashed).

0

1000

2000

E
ve

nt
s/

7 
G

eV
/1

0 
fb

-1

100 200 300
Mττ (GeV)

0

τ+τ- τ±τ±–
τ

g̃g̃ g̃q̃

χ1
± τ̃±ν→

τ+τ- τ±τ±– τ

τ+τ- τ±τ±–

χ̃3
0 χ̃4

0

τ
ττ

τ

g̃ b̃b χ̃1
0ττbb→ →

l+l - q̃L
τ+τ-
850 20   Supersymmetry



ATLAS detector and physics performance Volume II
Technical Design Report 25 May 1999
The same jet, effective mass, and missing ener-

gy cuts were made as before. Events were then

selected to have:

• two ‘s with a visible within

10 GeV of the peak in Figure 20-42;

• at least one tagged -jet with

.

The resulting visible mass distri-

bution is shown in Figure 20-45. If the ‘s

were perfectly measured, this would have an

endpoint at

analogous to that for Point 5 in Figure 20-20.

There is perhaps some structure but nothing

like a real endpoint. The distribution is, however, clearly different from the same distribution

with non-  jets shown in Figure 20-46.

A somewhat better signal can be obtained by requiring two tagged -jets and reconstructing

the gluino and squark simultaneously. This is similar to what was done for Point 3 in

Section 20.2.4.1. Events were selected with a visible mass , and the momen-

tum of the was estimated using the analog of Equation 20-7. This approximation is not as

good as in the previous case: because this is a two-step decay, the momentum would not

vanish at the endpoint even if the ‘s were perfectly measured. Also, the difference is

larger in this case, so the resolution on it is not as good. Nevertheless, the plot, Figure 20-47, of

Figure 20-45 Visible mass at Point 6 for
tagged -jets. The distribution for like-sign τ pairs has
been subtracted.

Figure 20-46 Visible mass at Point 6 for
light quark jets.

0

200

400

E
ve

nt
s/

14
 G

eV
/1

0 
fb

-1

200 400 600
Mττb (GeV)

0 Mττq (GeV)

E
ve

nt
s/

14
 G

eV
/1

0 
fb

-1

0

250

500

750

1000

0 200 400 600

τ+τ- jet+
b

τ+τ- jet+

Figure 20-47 Lego plot of the reconstructed vs
 at Point 6.
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vs reconstructed in this way does show a peak at the right place. The projection

onto the axis is shown in Figure 20-48 and the second projection, after cutting on

, is shown in Figure 20-49.

A detailed estimate of the errors to be expected from this sort of analysis would require generat-

ing many signal samples and comparing the resulting distributions with the corresponding

masses. This has not been done, nor has the analysis been optimised. It seems plausible, howev-

er, that for an integrated luminosity of the mass difference could be deter-

mined to about while could be determined to . These error estimates are

used for the fits in Section 20.2.9 below.

20.2.8.4 Reconstruction of

The signatures at Point 6 come primarily from decays. It is also possible to produce

pairs, either directly or from gluino decays. Since for squarks of the first two generations the de-

cay has a branching ratio of more than 95%, such events are characterised by two

hard jets, no additional soft jets except those from gluino decay or initial state radiation, and

large missing energy. The analysis is analogous to the one performed in Section 20.2.7.1. To se-

lect this signature, events were therefore selected to have:

Figure 20-48 Projection of Figure 20-47 onto the
 axis.

Figure 20-49 Projection of Figure 20-47 onto the
axis with the cut .
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• ;

• two jets with ;

• no additional jets with ;

• no leptons, -jets, or -jets.

The distribution for the two hardest jets in

the events that are accepted by these cuts are

shown in Figure 20-50. The mean is a func-

tion of the squark mass, or rather of a compli-

cated function of the squark production

kinematics and of the energy release

. The statistical error on the

mean is tiny, so the only significant errors are

systematic. The total systematic error on

should be 25–50 GeV for and some-

what less for as the errors are better

understood. These errors are used in the fits in

Section 20.2.9 below.

20.2.9 Fitting minimal SUGRA parameters

Once a number of experimental constraints on combinations of masses have been set with

methods like those described above, they can be used in a global fit to determine the parameters

of a SUSY-breaking model [20-22, 20-27]. Clearly this requires that the model have only a limit-

ed number of parameters. This subsection gives the results of fitting the measurements dis-

cussed above to the minimal SUGRA model. This minimal model of course can fit the data by

construction. Section 20.2.10 describes how well extra parameters corresponding to a few possi-

ble extensions of the minimal model could be constrained. A general treatment of non-minimal

models seems very difficult without experimental data to provide guidance.

While some model-independent masses can be determined as described in Section 20.2.6, most

of the measurements correspond to combinations of masses. Fitting masses or combinations of

masses is much simpler than fitting kinematic distributions: for each point in the parameter

space of the model it is sufficient to calculate the spectrum rather than generating and analysing

a full sample of events. Also, expressing the results in terms of masses makes it easy to combine

results derived using different event generators or different versions of the same generator.

Thus, for simplicity all the fits have been done using only masses or combinations of masses.

For a measurement such as the signature described in Section 20.2.7.1, an approxi-

mate equivalent error on the squark mass was assigned. Measurements of this sort are noted be-

low. Of course, if SUSY is discovered, a much more general analysis will be done using many

event samples to fit all of the available data, also including the information from branching frac-

tions and cross sections measurements.

The fits for Points 1–5 were made before a correct treatment of large was available in the

generator, so an artificial restriction on it had to be imposed. An initial scan of 300000 points

was made covering the range

Figure 20-50 distribution of two hardest jets for
Point 6 signal (solid) and Standard Model background
(shaded) after cuts described in the text.
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for both signs of . The RGE’s cause the parameters , , and that appear in the weak-

scale mass matrices to evolve to approximate fixed points with very little dependence on the

GUT-scale parameter , which therefore cannot be determined and was not included in the

scan. For each point in the scan, all the measured masses or combinations of masses were calcu-

lated, and the point was weighted using the estimated experimental errors, artificially inflated if

necessary to obtain a reasonable number of solutions. After this initial scan found an approxi-

mate allowed region, more points were generated in this smaller region until the errors

were determined for , corresponding to an initial three years at low luminosity, and for

, corresponding to the ultimate reach of ATLAS. For Point 6 a similar method was used

with the scan region extended to .

The theoretical treatment used to calculate the masses is not perfect. The RGE’s are calculated to

two loops in gauge couplings and one loop in Yukawa couplings, the thresholds are treated as

step functions, and no GUT-scale physics is included. It is assumed that these things can be im-

proved, so no associated errors are included in the fits. The calculation of the light Higgs mass is

more difficult. The one-loop effective potential used to calculate it is rather sensitive to the

choice of scale, and the leading two-loop effects from the running top quark mass are known to

be important. Since the expected experimental error on the mass from is at the 0.1% level

(see Section 19.2.2), three cases are considered here:

• Low-L: includes statistical errors for low luminosity, , the systematic errors on the

electromagnetic, muon, and jet energy scales previously mentioned, and a theory-domi-

nated error of  on the light Higgs mass.

• High-L: includes statistical errors for high luminosity, , the systematic errors on

the electromagnetic, muon, and jet energy scales previously mentioned, and a theory-

dominated error of  on the light Higgs mass.

• Ultimate: The same as High-L but including only the experimental error

on the light Higgs mass.

The fits for each point will be described in turn.

Table 20-5 Inputs for the minimal SUGRA model fits at Points 1 and 2. The measurements listed below the
heavy rule determine combinations of masses and production dynamics. The High-L and Ultimate measure-
ments differ only in the error on the Higgs mass.

Quantity Reference Low-L Ultimate

 (Point 1) Section 19.2.2

 (Point 2) Section 19.2.2

Section 20.2.5

Section 20.2.7.1

[20-23]

 (Point 1) [20-23] none

 (Point 2) [20-23] none

50 m0 1000 GeV< <

100 m1 2⁄ 700 GeV< <

1 βtan 15< <

µ At Ab Aτ

A0

1σ±
30 fb 1–

300 fb 1–

βtan 60<

h γγ→

30 fb 1–

∆Mh 1 GeV±=

300 fb 1–

∆Mh 1 GeV±=

∆Mh 0.2 GeV±=

Mh 95.4 1.0 GeV± 95.4 0.2 GeV±

Mh 115.3 1.0 GeV± 115.3 0.2 GeV±

Mhq
max 758.3 25 GeV± 758.3 13 GeV±

Mq̃R
959 40 GeV± 959 15 GeV±

Mg̃ 1004 25 GeV± 1004 12 GeV±

Mt̃1
647 100 GeV±

Mt̃1
713 100 GeV±
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20.2.9.1 Points 1 and 2

Points 1 and 2 are high-mass points with relatively small cross sections. The decay is

completely dominant, so there are fewer well-measured quantities than at some of the other

points. These two points differ only in and the corresponding light Higgs mass, so they

will be discussed together. The measurements are summarised in Table 20-5 together with refer-

ences to the appropriate sections of this document or supporting notes. In addition, it should be

possible to measure as discussed in Section 20.2.6, but not enough work has been done to

assign a reliable error. The measurements listed below the line in Table 20-5 do not measure the

masses directly. For example, the measurement described in Section 20.2.7.1 measures a combi-

nation of the and masses plus the production kinematics. Treating it as a measurement of

a single mass is a reasonable first approximation and a necessary one to allow a scan of the

whole parameter space to be made with moderate effort.

The results of the fit [20-27] are summarised in

Table 20-6. The value of is not very well

determined because sleptons do not occur in

cascade decays at this point to any significant

extent, and they are too heavy to be produced

directly. Thus the only information on

comes from the squark masses, which are

dominated by .

The determination of comes mainly from

the light Higgs mass, which also depends on

. Figure 20-51 shows the light Higgs mass

and the branching ratio for as func-

tions of for both signs of . Each curve

consists of many points corresponding to

choices of the other parameters that are con-

sistent with all the measurements except the

Higgs mass in Table 20-5. For Point 1, the low-

er part of the figure shows that the Higgs mass

determines two different values of corre-

sponding to the two signs of . These values

are indicated by the vertical lines in the upper

half of the figure. Since the corresponding

branching ratios for are quite differ-

ent, the two solutions can be distinguished by

using the relative rates for and .

Table 20-6 Results of fits of the minimal SUGRA model to the measurements for Points 1 and 2 listed in
Table 20-5.

Parameter Low-L High-L Ultimate

 (Point 1)

 (Point 2)

m0 400 100 GeV± 400 100 GeV± 400 100 GeV±

m1 2⁄ 400 10 GeV± 400 8 GeV± 400 8 GeV±

βtan 2.00 0.08± 2.00 0.08± 2.00 0.02±

βtan 10.0 2.0± 10.0 2.0± 10.0 1.2±

χ̃2
0 χ̃1

0h→

βtan

Mhq
min

q̃R χ̃1
0

Figure 20-51 Higgs mass and branching
ratios as functions of and scanned over
the allowed values of the other parameters.
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For Point 2, the Higgs mass has a much weaker dependence on and is almost independent

of . The allowed region, again indicated by vertical lines, corresponds to different rates for

and . This can be used to determine , as was discussed in Section 20.2.5. Pre-

sumably these branching ratios could also be used in a more quantitative way to improve the

measurement of  at Point 2, but this has not been studied.

20.2.9.2 Point 3

Point 3 is a low-mass point with many well-measured quantities. The best-measured ones are

summarised in Table 20-7. The measurements listed below the line in the table actually deter-

mine combinations of masses. For example, the scatter plot shown in Section 20.2.4.1 really

measures rather than . Within the minimal SUGRA model, however, is

known since is accurately measured and the two gaugino masses are related by the

GUT condition

.

Hence the distinction is less significant than for Points 1 and 2. While the fit is done including all

the information simultaneously, is mainly determined by , which is accurately

measured from the dilepton endpoint. Then is determined by measuring a squark mass us-

ing either or . Finally, is determined by the Higgs mass, which also fixes the

sign of . Given the tiny statistical errors for this low-mass point, it is therefore not surprising

that all the parameters are accurately determined, as summarised in Table 20-8. The masses in

this case are so light that all the errors are dominated by systematic effects, so there is little im-

provement with increasing luminosity.

Point 3 is of course somewhat unrepresentative, both because of its low masses and because of

its unusual branching ratios. Detailed study of SUSY at the LHC will in general require the full

luminosity available.

Table 20-7 Inputs for the minimal SUGRA model fit at Point 3. The measurements listed below the heavy rule
really determine combinations masses and production dynamics.

Quantity Reference Low-L Ultimate

Section 19.2.2

Section 20.2.3

Section 20.2.4.1

Section 20.2.4.1

Section 20.2.4.1

Table 20-8 Results of a fit of the minimal SUGRA model to the measurements in Table 20-7.

Parameter Low-L High-L Ultimate

βtan
µsgn

Z ll→ h bb→ µsgn

βtan

M
b̃1

1.5M χ̃1
0– M

b̃1
M χ̃1

0

M χ̃2
0 M χ̃1

0–

m1
5
3
--- θ2

wtan m2≈

m1 2⁄ M χ̃2
0 M χ̃1

0–
m0

M
b̃1

Mg̃ M
b̃1

– βtan
µ

Mh 68.5 3.0 GeV± 68.5 0.2 GeV±

M χ̃2
0 M χ̃1

0– 52.42 0.05 GeV± 52.42 0.05 GeV±

Mg̃ M
b̃1

– 20.3 2.0 GeV± 20.3 2.0 GeV±

M
b̃1

278.1 3.0 GeV± 278.1 3.0 GeV±

Mq̃L
320.5 20.0 GeV± 320.5 10.0 GeV±

m0 200.0 10.0 GeV± 200.0 6.0 GeV± 200.0 5.0 GeV±

m1 2⁄ 100.0 1.0 GeV± 100.0 1.0 GeV± 100.0 1.0 GeV±

βtan 2.00 0.05± 2.00 0.05± 2.00 0.02±
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20.2.9.3 Point 4

The squarks and sleptons are heavy at Point 4 because is very large. As a result, most of the

measurements are controlled by gluino and gaugino masses, which have very little sensitivity

to . A number of possible methods to determine have been investigated [20-25]. The best

approach seems to be to make a rough measurement of the squark mass by selecting events

with at least five hard jets and large . The fraction of events with a large value of

is sensitive to the squark mass. The statistical errors are small; the main problem is to under-

stand the systematic uncertainty on the relationship between the measured quantity and the

squark mass. An estimate of this is included with the errors on the other measurements in

Table 20-9.

The resulting fits for are given in Table 20-10. As expected, is well determined. Since

the Higgs mass becomes insensitive to for large values, the errors on it are sensitive to

those assumed for the Higgs mass. The violation of universality in gaugino decays is still

very small for , so the Higgs mass is probably the only way to determine pre-

cisely. The errors on are larger and only improve slowly with increasing luminosity because

the determination of the squark mass is limited by systematics. For low luminosity there is also

a solution for with , , and , but this

solution does not exist for high luminosity. For all fits is essentially undetermined for the

reasons already explained.

Table 20-9 Inputs for the minimal SUGRA model fit at Point 4. The measurements below the horizontal rule
really determine combinations of masses and production dynamics.

Quantity Reference Low-L Ultimate

Section 19.2.2

Section 20.2.3

Section 20.2.4.2

Section 20.2.7.2

[20-25]

Table 20-10 Results of a fit of the measurements in Table 20-9 to the minimal SUGRA model.

Parameter Low-L High-L Ultimate

Mh 111.8 1.0 GeV± 111.8 0.2 GeV±

M χ̃2
0 M χ̃1

0– 68.7 0.8 GeV± 68.7 0.25 GeV±

Mg̃ M χ̃2
0– 434.0 12.0 GeV± 434.0 6.0 GeV±

M χ̃2
± 315 20 GeV± 315 7 GeV±

Mq̃〈 〉 915 25 GeV± 915 25 GeV±

m0 800 50 GeV± 800 45 GeV± 800 35 GeV±

m1 2⁄ 200.0 4.0 GeV± 200.0 2.0 GeV± 200.0 1.5 GeV±

βtan 10.0 2.0± 10.0 1.5± 10.0 0.6±

m0

m0 m0

ET
miss

ET
sum pT i,i 1=

5∑=

µ 0> m1 2⁄
βtan

e µ⁄ τ⁄
βtan 10= βtan

m0

µ 0< m0 820 50 GeV±= m1 2⁄ 190 4 GeV±= βtan 12.5 1.5±=
A0
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20.2.9.4 Point 5

At Point 5 there are two good starting points,

and , so there are many

measurements that can be precisely expressed

in terms of particle masses. These are summa-

rised in Table 20-11 using masses from the

same version of ISAJET that was used for the

analyses described in Section 20.2.4.3 and

Section 20.2.6. The statistical errors deter-

mined in those sections have been scaled ap-

propriately with luminosity and then

combined with the usual energy scale system-

atic errors.

The resulting fits [20-29] are shown in

Table 20-12. All three parameters are well de-

termined, but is still essentially undeter-

mined despite all the precise measurements.

This can be understood by examining the dis-

tribution shown in Figure 20-52 of the values

of and of the weak scale parameters

and allowed by the fit. Evidently the weak

scale parameters, which are what can actually

be measured, are reasonably well determined but are simply insensitive to .

Table 20-11 Inputs for the minimal SUGRA model fit at Point 5. The numerical values are obtained from the for-
mulas given in the referenced sections plus masses from ISAJET 7.37.

Quantity Reference Low-L Ultimate

Section 19.2.2

Section 20.2.3

Section 20.2.4.3

Section 20.2.4.3

Section 20.2.6

Section 20.2.5

Section 20.2.6

Table 20-12 Results of a fit [20-29] of the minimal SUGRA model to the measurements in Table 20-11.

Parameter Low-L High-L Ultimate

Mh 92.9 1.0 GeV± 92.9 0.2 GeV±

Mll
max 108.92 0.50 GeV± 108.92 0.10 GeV±

Mlq
max 478.1 11.5 GeV± 478.1 5.0 GeV±

Mlq
max Mllq

max⁄ 0.865 0.060± 0.865 0.020±

Mllq
min 271.8 14.0 GeV± 271.8 5.4 GeV±

Mhq
max 552.5 10.0 GeV± 552.5 5.5 GeV±

Mhq
min 346.5 17.0 GeV± 346.5 17.0 GeV±

m0 100.0 2.2–
+4.1 GeV 100.0 1.4 GeV± 100.0 1.3 GeV±

m1 2⁄ 300.0 2.7 GeV± 300.0 1.7 GeV± 300.0 1.5 GeV±

βtan 2.00 0.10± 2.00 0.09± 2.00 0.05±

Figure 20-52 Allowed values of the GUT scale
and the weak scale  and  for Point 5.
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20.2.9.5 Point 6

The measurements discussed previously for Point 6 are summarised in Table 20-13. For the

signature the error is almost entirely systematic, and the distribution shown in Figure 20-50 is

featureless. Two error estimates are given in the table; the more conservative will be used except

in the Ultimate fit. The errors at high luminosity for measurements involving ‘s assume that

hadronic decays can be identified and measured in the presence of pileup. This was not stud-

ied in Reference [20-34], but in Section 9.1.5.4 it is shown that τ identification and measurement

are not significantly affected by high luminosity running.

The fit [20-33] was carried out as before extending the range to . The upper

limit was set because larger values lead to a negative squared mass for the , breaking electro-

magnetic gauge invariance; it does not restrict the fit. The results are given in Table 20-14. There

are nearly equivalent solutions for both signs of . This is to be expected: by a change of con-

ventions, the sign of with can be traded for the sign of with , and

are equivalent [20-35]. The value of is also quite well determined, in contrast to

Table 20-13 Inputs for the minimal SUGRA model fit at Point 6. The measurement listed below the heavy rule
really determines a combination of masses and production dynamics; conservative (optimistic) errors for it are
given.

Quantity Reference Low-L Ultimate

Section 19.2.2

Section 20.2.8.2

Section 20.2.8.3

Section 20.2.8.3

Section 20.2.8.4

Table 20-14 Results of a fit of the measurements in Table 20-13 to the minimal SUGRA model. There are solu-
tions for both signs of .

Parameter Low-L High-L Ultimate

Mh 111.9 1.0 GeV± 111.9 0.2 GeV±

Mττ
max 59.6 3.0 GeV± 59.6 1.2 GeV±

Mg̃ M
b̃1

– 150 20 GeV± 150 10 GeV±

Mg̃ 540 60 GeV± 540 30 GeV±

Mq̃R
498 50 25( ) GeV± 498 25 12( ) GeV±

µ

µ 0<

m0 236 37 GeV± 242 28 GeV± 242 25 GeV±

m1 2⁄ 200 14 GeV± 196 10 GeV± 194 6 GeV±

βtan 41 3.9± 44 1.7± 45 1.7±

A0 0 180 GeV± 60– 132 GeV± 50– 80 GeV±

µ 0>

m0 228 39 GeV± 237 26 GeV± 218 30 GeV±

m1 2⁄ 200 15 GeV± 197 9 GeV± 196 8 GeV±

βtan 41 3.7± 44 1.7± 44 1.1±

A0 80 160 GeV± 8 124 GeV± 63 71 GeV±

q̃R

τ
τ

βtan 1 βtan 60< <
τ̃1

µ
µ β 0>tan βtan µ 0>

βtan ∞±≈ A0
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the points with lower . While Point 6 is certainly difficult, it is surprising how much can be

measured. In part this is due to the fact that the masses have to be low to avoid , lead-

ing to large event samples.

20.2.10 Non-universal SUGRA models

The fits in Section 20.2.9 all assume the minimal SUGRA parameters with just four real parame-

ters plus . While this simplicity is somewhat justified by the universality of gravity and by

the need to satisfy limits based on precision low-energy tests, it is by no means necessary. Mod-

els of physics near the Planck scale can lead to qualitatively new signatures such as flavour mix-

ing and violation in the slepton sector [20-31]. For example, it is possible to have a

substantial rate for at the LHC while still satisfying existing bounds on

and conversion in the field of a nucleus. It is clear from Section 20.2.3 that this

particular signature could be detected by ATLAS with good sensitivity.

A completely general SUGRA model has as many weak-scale parameters as the MSSM, so a

general exploration is not possible without some experimental guidance. Since low-energy tests

severely constrain flavour mixing and -violating phases, these are assumed to be absent, al-

though there is no good justification for this assumption. This still leaves nineteen real parame-

ters plus , corresponding to the parameters of ISAJET. In this first exploration, three

possible deviations from universality at the GUT scale have been considered: non-universal

Higgs masses, non-universal and sfermion masses, and non-universal third generation

masses. Each case can be characterised by one additional parameter. In general these new pa-

rameters are less well constrained than the minimal ones. Only exploratory work was per-

formed on a few of the many possible variants of the model. Due to the preliminary nature of

the work, in most cases no explicit numerical conclusion is drawn, but it is shown that in all

considered cases ATLAS is sensitive to the model parameters.

20.2.10.1 Nonuniversal Higgs masses

Additional Higgs bosons, some of them superheavy, are needed to break the GUT gauge group

down to , so it makes sense to distinguish the Higgs bosons from the

squarks and sleptons. For this case, the soft Higgs masses are taken to be equal but different

from those of the other scalars at the GUT scale:

The measurements for Point 5 were refit including in addition to the minimal SUGRA

parameters. For the five-parameter fit, the error on is about 20% larger, while the errors on

 and  are almost the same [20-29]. However, the new parameter is poorly constrained,

.

The fit is insensitive to the new parameter because the derived value of is large, about

500 GeV. The value of at the weak scale is determined through the RGE’s mainly by the top

Yukawa coupling and the mass, not by at the GUT scale. As a result the masses of the ,

, and  have little dependence on  unless it is of order the heavy mass scale.
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To determine it is necessary to measure the masses of the heavy Higgs bosons and ,

which vary by about 40 GeV over this range of . Since at Point 5 these have small produc-

tion cross sections and decay into more than 90% of the time, it seems difficult to detect them

at the LHC.

20.2.10.2 Non-universal  and  sfermion masses

The second non-universal SUGRA possibility considered here is that the sfermions in the and

 representations of  might have different masses:

If the fit is redone for this case using only the information in Table 20-11, then only a poor limit

is obtained on the new parameter:

;

the small error on about doubles and the errors on and increase slightly. The rea-

son for this poor limit is that only one of the four squarks of each generation is in the , and its

mass is dominated by .

The constraint on can be improved by using more information. If , then the

decay is kinematically allowed and produces a second edge in the dilepton

mass distribution at

Near threshold, one of the leptons is very soft,

so a low threshold is essential. A sample of

200000 events was generated with ISAJET for

[20-29]. Events were selected

using the same jet and missing energy cuts as

for the Point 5 analysis in Section 20.2.3 but re-

quiring two muons with . The re-

sulting mass distribution, Figure 20-53,

shows a clear second edge with an integrated

luminosity of . This edge is almost in-

visible in the mass distribution with the

standard cut .

The slepton mass for differs

from that for Point 5 by only 9 GeV. It would

not be easy to distinguish these using the di-

rect slepton production analysis described in

Section 20.2.7.4 even with an integrated lumi-

nosity of . It should be possible at high

m0 H, H A
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tt
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luminosity to use that analysis to distinguish , for which the is 24 GeV heav-

ier than at Point 5. The rate of course becomes smaller for larger ; at some point one must

rely on the absence of a direct slepton signal.

Direct production can also give a four-lepton signature if one slepton decays via

and the other via . This branching ratio is too small to be observable at

Point 5 but increases for larger . One virtue of this signature is that the three-lepton mass

has a kinematic endpoint at

.

A sample of 200000 events was generated [20-

29] with and the other param-

eters the same as for Point 5. The main back-

ground comes from the strong production of

gluinos and squarks, so a jet veto is required

even with four leptons. The following cuts

were made:

• no jet with  and ;

• at least four isolated leptons forming

two opposite sign, same flavour pairs;

• for at least one opposite

sign, same flavour pair to be consistent

with a  decay.

After these cuts, the pair with

was combined with the lowest additional

lepton, since there is much more phase space

for than for . The resulting

three-lepton mass distribution is shown in Figure 20-54 for an integrated luminosity of .

The number of events is small even for the full luminosity of the LHC, but an endpoint at about

the right position can be seen. Combining this signature with the two-lepton direct production

signature would provide sensitivity to , much less than the limit from fitting

only the measurements in Table 20-11.

20.2.10.3 Non-universal third generation masses

The third possibility considered here is that the sfermions of the third generation have different

masses at the GUT scale:

,

with the rest of the scalar masses being . Since the and masses are dominated by

, the main effect of changing  is on the  masses.

It is possible in principle to obtain information on the mass by measuring the visible mass

distribution, as was discussed for Point 6 in Section 20.2.8.2. For Point 5, however, the branch-

ing ratio for is only 11.8%, opposed to 100% for Point 6, so extracting a endpoint is

m0 5, 150 GeV= l̃ L
m0 5,

l̃ L
+ l̃ L

- l̃ L χ̃1
0l→

l̃ L χ̃2
0l l '˜ Ll'l χ̃1

0l'l'l→ → →
m0 5,

Mlll
max 1

M
l̃ R

2

M χ̃2
0

2
----------– M

l̃ L

2 1
M χ̃2

0
2

M
l̃ L

2
----------–

 
 
 

M χ̃2
0

2 1
M χ̃1

0
2

M
l̃ R

2
----------–

 
 
 

+ 128.0 GeV,= = m0 5, 125 GeV=

Figure 20-54 Three-lepton mass distribution in clean
four-lepton events at Point 5 with .

0

5

10

0 100 200 300
Mlll (GeV)

E
ve

nt
s/

10
 G

ev
/3

00
 fb

-1

m0 5, 125 GeV=

m0 5, 125 GeV=

pT 40 GeV> η 5<

Mll 108 GeV<

χ̃2
0

Mll 108 GeV<
pT

l̃ L χ̃1
0l→ l̃ L χ̃2

0l→
300 fb 1–

m0 5, 125 GeV≈

mt̃L R,
m

b̃L R,
mτ̃L R,

m0 3,= = =

m0 t̃1 2, b̃1 2,
m1 2⁄ m0 3, τ̃1 2,

τ̃1 ττ

χ̃2
0 τ̃τ→ ττ
862 20   Supersymmetry



ATLAS detector and physics performance Volume II
Technical Design Report 25 May 1999
considerably more difficult than it is at Point 6. The signal seems to be lost in the fluctuations of

the backgrounds from other sources [20-29]. If is increased somewhat, then the

mode is closed, the slepton modes dominate, and a signal can be extracted.

It is easier, although less direct, to get information on the distribution by counting the

number of like-flavour and unlike-flavour dileptons. Events were selected with

• ;

• at least four  jets with ;

• two isolated electrons or muons with  and .

The ratio of same-flavour to opposite-flavour dileptons with opposite sign,

after these cuts is given in Table 20-15 for sev-

eral values of . This ratio is equal to one

for two decays or for any other combination

of two independent decays satisfying

universality; it is greater than one for flavour-

correlated decays such as . Since the

is lighter for low values of , the decay

is enhanced, reducing . For

the mass is 193 GeV. In

this region the two-body decay is not

allowed; the branching ratios are deter-

mined by an interference between virtual slep-

ton and exchange. Of course, the ratio is also sensitive to , so this measurement must

be combined with other information such as the Higgs mass before any conclusion can be

drawn.

It would also be useful to obtain a measurement of single production by counting the number

of leptons and hadronic decays. Since the jet multiplicity is substantial, this requires an algo-

rithm for selecting hadronic ‘s optimised for purity rather than for visible mass resolution as

in Section 20.2.8. Presumably tight isolation cuts together with a displaced vertex should be re-

quired. This has not been studied in the framework of SUSY studies, but work along these lines

is documented in Section 9.1.5.2

20.3 Gauge mediated SUSY breaking models

In Gauge Mediated SUSY Breaking (GMSB) models [20-13], SUSY breaking occurs in a separate

sector, as in SUGRA models, but at a much lower scale, . It is then communi-

cated to the MSSM particles through ordinary gauge interactions at a

messenger scale that is much lower than the Planck scale, , and perhaps even close to

the weak scale. This implies that all MSSM particles with the same Standard Model quantum

numbers have the same mass at the scale , so flavour changing neutral currents are sup-

pressed. Since the gravitino gets its mass only through gravitational couplings at , it is

βtan χ̃2
0 χ̃1

0h→

ττ

ET
miss max 0.2Meff 100 GeV,( )>

R 0.4= pT 100 50 50 50 GeV, , ,>

pT 10 GeV> η 2.5<

R+-
N e+e-( ) N µ+µ-( )+

N e±µ+−( )
------------------------------------------------=

Table 20-15 Values of for Point 5 with several
values of .

30 GeV 2.61

70 GeV 3.86

Point 5 3.99
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much lighter than the MSSM particles – generally much lighter than 1 GeV. The helici-

ty- couplings of the gravitino are enhanced by factors of , so all the other SUSY parti-

cles eventually decay into it.

The successful unification of coupling constants in the MSSM [20-12] is preserved if the messen-

ger fields are chosen to be complete vector-like representations of , e.g., or .

In the minimal GMSB model considered here this is assumed, but the number of equivalent

representations is left arbitrary. A single gives ; a combination of several

representations can produce a non-integer effective . It is also assumed that electroweak

symmetry is broken radiatively through the large top Yukawa coupling as in minimal SUGRA

model and that and are generated. Finally, the gravitino can get mass not just from the

messenger sector but from any other source of SUSY breaking, presumably in some more com-

plex hidden sector. Then the parameters of the minimal GMSB model are [20-13]

, 20-9

where is the ratio of the gravitino mass to its value if the only source of SUSY breaking

is ; lifetimes for gravitino decay are proportional to . Gauginos get masses at one loop

at the messenger scale, and scalars get squared masses at two loops, e.g.

Note that the gaugino and scalar masses are comparable, but gaugino masses are proportional

to  while scalar masses are proportional to .

In GMSB models the lightest SUSY particle is the gravitino with . The Next Lightest

SUSY Particle (NLSP) is generally the if and a right-handed slepton if , since

these particles only have masses proportional to the small coupling. If , the NLSP

will decay promptly to gravitinos via or , while if the NLSP will de-

cay mainly outside the detector. (The must of course not be stable over the lifetime of the uni-

verse.) Thus there are four distinct cases for GMSB phenomenology, depending on whether the

NLSP is a neutralino or a slepton and whether it has a short or a long lifetime.

One minimal GMSB model point for each case was selected for detailed study [20-36], forming

two pairs differing only by the value of and hence by the lifetime of the NLSP. The param-

eters of these points are listed in Table 20-16; the corresponding masses from ISAJET [20-15] are

given in Table 20-17. These points illustrate the main features expected in GMSB models:

Point G1a gives events with two hard photons plus ; Point G1b gives signatures qualita-

tively like SUGRA models; Point G2a gives multiple leptons; and Point G2b gives quasi-stable

charged sleptons. Since the signatures are so different, each point will be discussed separately.

Most of the results in this section are based on ISAJET and a simple particle-level simulation of
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the ATLAS detector. It appears that the backgrounds are dominated by irreducible physics proc-

esses, so that the detector performance is not critical. Detailed GEANT-based studies have been

performed for non-pointing photons at Point G1a and for quasi-stable sleptons at Point G2b.

20.3.1 GMSB Point G1a

At Point G1a the total SUSY cross section is 7.6 pb. The NLSP is the , and it decays primarily

to with . SUSY events are therefore characterised by two hard isolated photons

plus the usual jets, leptons, and missing transverse energy from the gravitinos and per-

haps from neutrinos. The presence of two photons in almost every event renders the Standard

Model backgrounds negligible and makes discovery trivial. In a small fraction (2.0%) of the

events, the NLSP will undergo a Dalitz decay to . The and can be used to determine

the decay vertex and so to make a precise measurement of the mean decay length. The mass of

the can be determined as described in Section 20.3.1.1. If the polarisation of the can be ne-

glected, as it is in the existing event generators, then its momentum distribution can be inferred

from that of the photons and its proper lifetime determined. The polarisation is likely to be

small since many channels contribute, but it has not been studied and could be the dominant

uncertainty. This lifetime measurement is very important as it provides the only constraint on

the true scale of SUSY breaking in all hidden sectors, not just the messenger sector.

For all the analyses in this subsection [20-36] events were selected to have:

Table 20-16 Parameters of the four GMSB points considered in Section 20.3.

Point

G1a 90 500 1 5.0 + 1.0

G1b 90 500 1 5.0 +

G2a 30 250 3 5.0 + 1.0

G2b 30 250 3 5.0 +

Table 20-17 Masses in GeV for the particles at the GMSB points in Table 20-16 from ISAJET 7.37 [20-15]. Only
the gravitino mass depends on .

Particle Point G1 Point G2 Particle Point G1 Point G2 Particle Point G1 Point G2

747 713 986 672 326 204

223 201 942 649 164 103

469 346 989 676 317 189

119 116 939 648 163 102

224 204 846 584 326 204

451 305 962 684 316 189

470 348 935 643 110 107

945 642 557 360

555 358

562 367

Λ TeV( ) Mm TeV( ) N5 βtan µsgn Cgrav

103

5 103×

Cgrav

g̃ ũL ẽL

χ̃1
± ũR ẽR
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• ;

• ;

• two photons with  and ;

• at least two leptons with and for electrons and and

 for muons.

Jets were found using an cone and requiring more than one charged track with

to avoid counting ‘s as jets. These cuts make the Standard Model background neg-

ligible; it remains so even for a rejection of only , much worse than is expected and is

needed for . Modes without leptons might of course also be useful.

20.3.1.1 Lepton and photon distributions

Events were selected with two photons and

exactly two leptons satisfying the cuts listed

above. Since GMSB models ensure flavour

conservation, the leptons from

must be correlated in flavour, so the flavour

subtracted combination

shown in Figure 20-55 selects this signal and

removes both the SUSY and the small Stand-

ard Model background from two independent

leptonic decays. This gives a dilepton mass

distribution similar to that found for SUGRA

Point 5 in Section 20.2.3 with a very sharp

endpoint at

.

The other allowed two-body decay, , produces a small peak just visible in the figure.

This does not directly measure masses and is not used here. It would be measurable with more

luminosity, and the rate for it would then imply information about the Higgsino content of the

two lightest neutralinos.

It is also useful to consider the whole 4-body decay chain, just as for the analysis of squark de-

cay at Point 5 in Section 20.2.4.3. In this case the particles are leptons and photons, so the preci-

sion is much better. The sequence of three two-body decays implies that the mass has an

endpoint with a linear vanishing at

.
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Figure 20-55 Flavour-subtracted dilepton distribution
at Point G1a. The Standard Model background is not
visible.
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Since at least one of the masses must be less than this, the distribution of the smaller one

vanishes at this point. The flavour-subtracted distribution for the smaller mass is shown in

Figure 20-56 together with a linear fit near the endpoint. The endpoint could be measured to

about with and to the systematics limit of about with . The

mass distribution from decays has a sharp edge like the dilepton one from pairing the

photon and the ‘right’ lepton – that is, the second one, which is adjacent to the photon in the de-

cay chain – at

plus an endpoint with a linear vanishing from pairing the photon and the ‘wrong’ lepton at

.

In contrast to the squark case, the second endpoint is greater than the first one and so is also vis-

ible. Events were selected to have the mass of one combination less than and the other

greater than , so that only one combination is consistent with decay. The mass

distribution for this combination is shown in Figure 20-57. The errors on this edge and

endpoint are estimated to be and with , reducing to and

 with .

The four measurements just described are sufficient to determine the , , and masses

without any assumptions except for the neglect of the gravitino mass:

Figure 20-56 Flavour-subtracted distribution for the
smaller mass at Point G1a.

Figure 20-57 Flavour-subtracted distribution
for the combination below its endpoint.
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with the evident constraint

.

This result demonstrates the power of identifying and using a multi-step decay chain even

more clearly than the analysis at SUGRA Point 5, since in this case only leptons and photons

are involved. Of course the rates and hence the errors are model dependent, as is the interpreta-

tion of the slepton as a .

20.3.1.2 Reconstruction of  momenta

Once the masses have been determined, the

decay provides

three mass constraints and hence a fit for

the gravitino momentum ,

assuming that the gravitino mass can be

neglected. There is a two-fold ambiguity from

assigning the order of the leptons – i.e., which

one appears in the second equation above –

and another two-fold ambiguity from solving

a quadratic equation. If this decay chain oc-

curs twice in the same event, both gravitino

momenta can be determined, and the best so-

lution can be selected by comparing the vector

sum of their reconstructed momenta with the missing transverse momentum. Thus, this long

decay chain allows SUSY events to be fully reconstructed despite the presence of two missing

particles.

Events were required to have exactly four leptons and two photons satisfying the same cuts as

before, with one and only one pairing into two opposite-sign, same-flavour combinations

consistent with decay. This eliminates any additional combinatorial background and gives a

total of 16 solutions for the two gravitino momenta and . These solutions can be found ex-

plicitly after straightforward algebra [20-36]. The gravitinos were assumed to give the up

to detector resolution effects. Therefore, the solution that minimised

was selected, where the errors were calculated using assumed calorimetric missing energy reso-

lution

.
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Figure 20-58 Fractional difference between recon-
structed and generated gravitino momenta at Point
G1a for  (solid) and  (dashed).
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This parametrisation gives resolution values which are a factor of two to three worse than the

resolution obtained from the full simulation studies described in Section 9.2.1.1. Events

that satisfied  were retained for further analysis.

The method was tested by comparing the reconstructed gravitino momenta with the generated

momenta using the better of the two possible matches. The distribution for the fractional differ-

ence between the reconstructed and generated momenta,

,

is shown in Figure 20-58 for events with . The peak is at about 10%, considerably larger

than the typical lepton or photon resolution, and there is a substantial tail of events that pre-

sumably have missing energy from sources other than the gravitinos. The number of recon-

structed events is quite small. Nevertheless, the fact that complete reconstruction with two

missing particles is possible at all is interesting. A similar complete reconstruction is possible in

principle for SUGRA Point 5 using the three mass constraints from decay chain

, but unfortunately the resulting errors are too large to be useful.

20.3.1.3 Reconstruction of gluinos and squarks

Events that are fully reconstructed as described in the previous section can be used to measure

the squark and gluino masses using the decay chain . It would probably be bet-

ter to study these particles using partially reconstructed combinations of jets, leptons, and pho-

tons, as was done for several of the SUGRA points rather than using the small number of fully

reconstructed events. This analysis mainly serves to illustrate further the possibility of full re-

construction; it is not used in the fit to determine the parameters of the model.

Events were selected to have two ‘s fully reconstructed with and at least four jets

with defined using a cone . Each reconstructed is then combined with

two of the four hardest jets and then with a third. The resulting scatter plot of vs

has a broad peak near the gluino and squark masses. The two projections, each cut

Figure 20-59 Distribution of for
 at Point G1a.

Figure 20-60 Distribution of for
 at Point G1a.
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about the peak on the other axis, are shown in Figures 20-59 and 20-60 together with Gaussian

fits to guide the eye. Even with the limited number of fully reconstructed events, the statistical

errors on the peaks are quite small; the errors are likely to be dominated by systematic effects

such as the jet energy scale.

20.3.2 GMSB Point G1b

The SUSY cross section at Point G1b is 7.6 pb, the same as at Point G1a. The NLSP, the , is

neutral and long-lived; most of them escape the detector, giving signatures that are qualitatively

like those in SUGRA models. A qualitatively new feature is that the can occasionally decay

in the tracking volume, giving rise to a photon that does not point to the interaction vertex.

Since the ATLAS electromagnetic calorimeter provides directional information, it can measure

such photons, giving information on the lifetime and hence on . Since this is the only

source of information on the global scale of SUSY breaking, it is extremely important. It will be

discussed in Section 20.3.2.4 after the other signatures.

20.3.2.1 Effective mass analysis

Discovery of SUSY in inclusive distributions

at this point is similar to that for SUGRA mod-

els. Events were selected to have [20-36]

• at least four jets with

and ;

• , where

 is defined by Equation 20-5;

• transverse sphericity ;

• no or isolated with

and .

With these cuts the signal exceeds the Stand-

ard Model background for

by about a factor of five [20-36].

20.3.2.2 Dilepton distribution

At Point G1b the decay is

allowed, but the is stable rather than de-

caying to . Events were selected to have

, , and two and only two opposite-sign leptons with

and . The resulting dilepton distribution, shown in

Figure 20-61 has an endpoint at 105.1 GeV, which of course is the same as for Point G1a. There is

more Standard Model background than before because there are no photons in the signal

events, but the background is still small; the spikes in the background curve in the figure are

fluctuations that reflect the limited Monte Carlo statistics. Hence, the error on this endpoint

should again be about 0.1%, limited by the absolute lepton energy scale. The sharp endpoint is

characteristic of a sequential decay through a slepton.

χ̃1
0

χ̃1
0

χ̃1
0 Cgrav

Figure 20-61 Flavour-subtracted dilepton distribution
at Point G1b. The shaded histogram shows the Stand-
ard Model background; the fluctuations reflect the lim-
ited Monte Carlo statistics.
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There is also a small peak visible in the figure from decays which could be measured with

more luminosity. This measurement would help to confirm the two body nature of the decay

and potentially would provide information on the Higgsino content of the light neutralinos.

20.3.2.3 Reconstruction of gluinos and squarks

The decays reconstructed in the previous section come primarily from

, where the gluino may be produced directly or from squark decay. To attempt to ex-

tract these signals, events were selected as before with the additional requirement of two hard

jets with . The dilepton pair was then combined with any two

jets having . The resulting mass distribution, Figure 20-62, has a broad peak

but no clear structure. It is, however, sensitive to the gluino mass: the same figure also shows as

a dotted curve the distribution for a sample with the gluino mass increased from 747 GeV to

800 GeV. These could probably be distinguished statistically at high luminosity; the systematic

errors need further study.

The branching ratio for is 6.5%. The distribution using jets tagged as ‘s is

shown in Figure 20-63. This has a structure that reflects the kinematic endpoint of this decay

(for massless jets) at

,

where is the value of the dilepton edge. For Point G1b this endpoint is at 629 GeV,

while for a gluino mass of 800 GeV, it becomes 673 GeV. These values are approximately consist-

ent with the structure of the solid and dashed curves in Figure 20-63. While the event rates are

low, these curves could be distinguished statistically with higher luminosity; however, the im-

pact of pileup on the analysis has not been studied.

Figure 20-62 invariant mass distribution for
Point G1b (solid curve) and for the gluino mass shifted
to 800 GeV (dashed curve).

Figure 20-63 Same as Figure 20-62 for -jets. The
dashed curve is for the sample with .
No Standard Model event passed the cuts.

Z

χ̃2
0 l̃ R

± l+− χ̃1
0l+l -→→

g̃ χ̃2
0qq→

pT 125 GeV> e+e- µ+µ- e±µ+−–+
pT 25 GeV> l+l - jj

g̃ χ̃2
0bb→ l+l - jj b

Mg̃ M χ̃2
0–( )2 Mll

2
Mg̃ M χ̃2

0–

2M χ̃2
0

------------------------ M χ̃2
0

2 M
l̃
2–

M χ̃2
0

2 M
l̃
2+( ) M

l̃
2 M χ̃1

0
2–( )

2M
l̃
2

------------------------------------------------------------ 1
M χ̃2

0
2 M

l̃
2–

2M χ̃2
0Ml̃

-------------------------+
 
 
 

+
 
 
 

+ +

1 2/

Mll l+l - jj

0

250

500

750

1000

0 250 500 750 1000
Mlljj (GeV)

 E
ve

nt
s/

24
 G

eV
/1

0f
b-1

0

5

10

15

0 250 500 750 1000
Mllbb (GeV)

 E
ve

nt
s/

24
 G

eV
/1

0f
b-1

l+l - jj b
Mg̃ 800GeV=
20   Supersymmetry 871



ATLAS detector and physics performance Volume II
Technical Design Report 25 May 1999
The endpoint of the dijet mass distribution should be sensitive to , but the endpoint is

not at all sharp due to the large combinatorial background. It is also possible to add another jet,

thereby getting a handle on the squark mass. Again the rates are low, and while there is a differ-

ence in shape, there is not a clear kinematic endpoint. Since these analyses do not illustrate any

new techniques, they will not be shown here, although they are used in the fitting described in

Section 20.3.5.

20.3.2.4 Measurement of  lifetime

If SUSY breaking occurs only in the messenger sector, then the lifetime is short, .

It is possible, however, that SUSY breaking in the messenger sector is induced by higher order

effects in some new interaction, giving a much longer lifetime. The parameter as-

sumed for Point G1b corresponds to . Even though this decay length is large com-

pared to the size of the tracking volume, it can still be measured by counting the number of non-

pointing photons from the small number of  that occur inside the detector.

The ATLAS electromagnetic calorimeter is particularly well suited for this because it has nar-

row strips in the first compartment that give good resolution in . As described in

Section 4.4.2.2, the resolution for photons in the barrel that are close to pointing is

.

The resolution for non-pointing photons has been studied [20-37] for single photons from about

7500 decays and also for samples of 50 GeV photons generated at fixed angles. Two al-

gorithms have been developed, which can reconstruct photons with reasonable accuracy for all

values of . These are described in Section 4.4.2.2.

Figure 20-64 Non-pointing angle for photons in
the barrel calorimeter from at Point G1b for
the assumed lifetime . The first and last
bins contain the overflows.

Figure 20-65 Efficiency vs significance for a photon
from  to be non-pointing at Point G1b.
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For this analysis [20-37] it is assumed that the lifetime is large compared to the length

inside of the tracker, so that the decay probability is given by and the decays occur

uniformly along the path length. For Point G1b a total of 152000 are produced correspond-

ing to an integrated luminosity of . For the assumed , 180 of these will decay

inside the tracking volume. The mean energy of these photons is 84.4 GeV. An analysis based on

ATLFAST found that 77.3% of the photons hit the barrel calorimeter, and 82.5% of these have

 and are isolated.

The angular distribution of these photons relative to the nominal vertex direction, , is shown

in Figure 20-64 including the effect of the angular resolution. While the distribution peaks at ze-

ro, the angles are generally large compared to the resolution. This is reflected in the efficiency to

detect an isolated photon as non-pointing as a function of the significance, shown in Figure 20-

65. Requiring that be non-zero by gives an efficiency of 82%, or a total of 94 detected

non-pointing photons, for an overall efficiency of 52%. Converting this rate to a measurement of

a lifetime requires that the mass and momentum distribution of the be determined from oth-

er measurements. The rate for prompt photons in SUSY events has not been calculated but is ex-

pected to be of order , so the background should be much less than one event.

If no non-pointing photons are detected for an

integrated luminosity of , then the 95%

confidence level lower limit on

would be about , a factor of

longer than the value for . Since

,

this corresponds to a value of that is

times larger than that in the messenger sector.

Of course this assumes that the resolution

is really Gaussian. So far it has been studied

only for single photons, not for complete

events.

The photons from will in general be

delayed relative to prompt photons as shown

in Figure 20-66. Both the velocity of the

and the geometry of the path contribute to the

delay. The mean delay, 2.67 ns, is long compared to the time resolution of about 100 ps for the

ATLAS electromagnetic calorimeter. This provides an independent way to detect non-prompt

photons and a cross-check on the whole analysis.

20.3.3 GMSB Point G2a

At Point G2a the NLSP is a charged slepton, the . The splitting between the NLSP and the

right-handed sleptons of the first two generations is small as is typical in GMSB models if

is not too large, so the decays are not kinematically allowed. The decays

occur only through left-right mixing terms proportional to the lepton mass and are

small even compared to gravitino decays. Hence the , and are co-NLSP’s that all decay

directly to gravitinos with . The SUSY production cross section is 23 pb, larger than
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Figure 20-66 Time delay distribution in the EM calo-
rimeter of photons from at Point G1b. The
last bin contains the overflow.
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for Points G1a/b because the squarks are lighter, and all of these events decay through the slep-

tons to electrons, muons or ‘s. Discovery of such a signal is obviously trivial, and there are

many signatures to be studied.

20.3.3.1 Dilepton distributions

Neutralinos can decay via with substantial branching ratios to give opposite-

sign, same-flavour dileptons. Since the neutralinos come mainly from the decay of squarks and

gluinos, events were selected to have [20-36]

• at least four jets with , , and having at least four tracks each with

;

• ;

• ;

• Two opposite-charge leptons with  and .

The jet multiplicity cut is intended to remove ‘s from the jet sample. The flavour-subtracted

dilepton mass was then formed to cancel backgrounds from two independ-

ent leptonic decays of charginos or from Standard Model processes. This distribution is shown

in Figures 20-67 and 20-68 on two different scales. There are two separate edges, one from

decay (31% branching ratio per flavour) at

and a second from  decay (23% branching ratio per flavour) at

.

Figure 20-67 dilepton distribu-
tion at Point G2a. The fluctuations in the Standard
Model background (shaded) are due to Monte Carlo
statistics; the true background is small.

Figure 20-68 Same as Figure 20-67 on a logarithmic
scale. Fits using the expected form, Equation 20-6,
smeared with a Gaussian are also shown.
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While the Standard Model background appears to be significant for the second edge, this is an

artifact of the limited Monte Carlo statistics. In the region 60–170 GeV the background can be

estimated to be events, compared to a total signal of about 4000 events. The statistics in

these plots corresponds to about . A fit using the expected form of the distribution,

Equation 20-6, smeared with a Gaussian gave

where the errors are determined using MINOS. Thus the errors on the upper edge are statistics

limited even for design luminosity. Including systematic effects, the errors are estimated to be

0.07 and 0.27 GeV for and 0.05 and 0.18 GeV for . The upper edge seems wider

than expected from detector resolution.

20.3.3.2 Detection of

Right-handed squarks are copiously produced both directly and through gluino decay, and they

can decay via . To select this mode, a dilepton pair with high be-

low the edge and two jets were required in addition to the cuts in the previous subsubsec-

tion:

•  and ;

• two jets with , , and at least four charged tracks each with

.

Figure 20-69 Distribution of the smaller mass for
events with two leptons and four jets at Point G2a. The
dashed line is a linear fit over 390-590 GeV. The
Standard Model background is the hatched histogram.

Figure 20-70 mass distribution for the same sam-
ple as in Figure 20-69. The dashed lines are linear fits
over 150-280 GeV and 305-400 GeV.
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Again the combination is used to eliminate backgrounds. The dilepton pair

was then combined with each of the two hardest jets in the event. Since one of these two should

come from the squark decay, the combination with the smaller mass was selected as usual. Then

the  mass distribution, Figure 20-69, has a linear vanishing at the expected endpoint

while the  mass distribution, Figure 20-70, shows the expected endpoint at

.

The , , and distributions from this three-step decay chain provide three measured end-

points from which the three masses involved can be determined assuming only that the graviti-

no mass is negligible:

The determination of these masses depends only on the existence of the decay chain and does

not assume the minimal GMSB or any other model, again reflecting the power of utilising mul-

ti-step decay chains. Of course the interpretation of the masses as those of the , , and is

model dependent.

20.3.3.3 Detection of

About 50% of the decays at this point occur

through the . While in general charginos

are hard to reconstruct, the decay chain

has a combined branching ratio of 29% and

gives a very nice trilepton signature. Events

were selected to have at least three isolated

leptons plus the same jets and other cuts de-

scribed before. One pair of leptons was re-

quired to form an opposite-sign, same-flavour

pair with , so that it is likely

to have come from a decay. It was also re-

quired that there be no other opposite-sign,

same-flavour pair with , the
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endpoint for decay. The mass distribution after these cuts is shown in Figure 20-71. If the

three leptons come from the above chargino decay chain, then the distribution should vanish

linearly at the kinematic endpoint

.

There is a lot of background, but nevertheless there is evidence for structure in the distribution

at this point. While it seems hard to extract a precision measurement because of the back-

ground, this distribution does provide evidence for the existence of the chargino and a consist-

ency check on the model.

20.3.4 GMSB Point G2b

At this point the NLSP is the , which has

and so (almost) always decays out-

side the detector. Since the decay is

not kinematically allowed, the and also

are long-lived, decaying to gravitinos with

about the same lifetime. Each event therefore

contains two quasi-stable heavy particles

which pass through the calorimeter and look

essentially like muons in the detector except

that they have , as shown in Figure 20-72.

The slepton masses can be measured using the

ATLAS muon system as a time-of-flight sys-

tem, and the SUSY events can then be fully re-

constructed [20-36]. It is again important to

search for slepton decays in order to deter-

mine the true SUSY breaking scale. It should

be possible to see such decays in the central

tracker, but this is a difficult pattern recogni-

tion problem which has not yet been ad-

dressed. It would also be possible to detect

using the same method as in

Section 20.3.2.4. The NLSP could also be sepa-

rated from the SM particles exploiting the measurement in the TRT detector, using the

algorithm described in Section 3.4.4 for charged hadrons. A full study taking into account the

time delay of the NLSP in the TRT straws still remains to be performed.

20.3.4.1 Trigger

The events at this point can be triggered using either the sleptons or the calorimeter informa-

tion. The velocity distribution of the produced sleptons, shown in Figure 20-72, has a mean val-

ue of about 0.9. This implies that on average the sleptons reach the muon trigger chambers

several nanoseconds late but still within the trigger acceptance [20-38]. One must of course be

sure to record the hits from even very slow sleptons since these are the most useful for the time-

of-flight measurement.

χ̃2
0 lll
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+

2 M ν̃
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0
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2–+ 85.75 GeV=

Figure 20-72 Generated slepton velocity distribution
at Point G2b. The dashed curve shows the distribution
for .
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The as measured by the calorimeter, Figure 20-73, is large since the sleptons lose energy

only by . The including the sleptons is much smaller, coming only from neutrinos

produced in the cascade decays and from resolution effects. The typical effective mass,

Figure 20-74, is also large, with a mean value of about 1000 GeV characteristic of gluino and

squark production. However, there is also a peak at from the direct production of

sleptons and gauginos; it is necessary to rely on the muon trigger for these events.

20.3.4.2 Slepton mass determination

The mass of the sleptons can be measured us-

ing the muon system as a time-of-flight sys-

tem: the precision chambers and trigger

chambers together provide a time resolution

of about 1ns [20-38]. This initial estimate has

now been verified and refined [20-39] using

DICE to fully simulate the response of the

MDT chambers to slow tracks and ATRECON

and MUONBOX to reconstruct them. An ef-

fective time resolution of 0.65 ns was obtained

in this study (see Section 6.4). The momentum

resolution for the at momenta is

somewhat worse than the one for muons

which was assumed in this analysis because of

multiple scattering. This difference, however,

does not affect the conclusions on mass

measurement.

For each slepton with the time delay

relative to a particle with to reach the

outside of the muon system, taken to be a cyl-

Figure 20-73 Calorimetric distribution at
Point G2b. The dashed curve shows the true
including sleptons, and the shaded histogram shows
the Standard Model dimuon background.

Figure 20-74 Effective mass distribution not including
sleptons at Point G2b. The shaded histogram shows
the Standard Model dimuon background.
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inder with a radius of 10 m and a half-length of 20 m, was calculated using the generated mo-

mentum and was then smeared with a 1 ns Gaussian resolution. The resulting time delay

and measured momentum were then used to calculate the mass. The resulting mass distribu-

tion is shown in Figure 20-75 for sleptons having . The fitted mean value agrees

very well with the average, 102.2 GeV, for the generated mixture of sleptons. The width of the

distribution results from a combination of the time and momentum resolutions; even for very

large it is not possible to resolve the and masses, 101.35 and 102.67 GeV. Because of

this the upper limit on is not critical; there would be little loss if it were restricted to one

bunch crossing.

20.3.4.3 Reconstruction of , , and

Since the are quasi-stable, the decays can be fully reconstructed. Events were select-

ed to have at least three electrons, muons, or quasi-stable sleptons with and

. The two highest particles among the sleptons and muons were assumed to be

sleptons with the average slepton mass measured in the previous section; the rest were consid-

ered as muons. No time-of-flight cuts were made because the Standard Model background is al-

ready negligible. The sleptons were then combined with electrons or muons. The mass

distribution for all combinations is shown in Figure 20-76. There are two clear peaks at the

and masses and a small peak at the mass. The rather strange shape of the peak re-

sults from the fact that the splitting between the and the is small, so the mass is dominat-

ed by the slepton rest mass.

The determination of the slepton masses can at this point be refined, since for events in the

gaugino peaks the flavour of the slepton is tagged by that of the lepton. Events were selected

within of the peak, and the time-of-flight analysis in Section 20.3.4.2 was repeated.

The resulting mass distribution, Figure 20-77, has a mean of 102.8 GeV, quite close to the

102.67 GeV mass of the and , which are expected to be degenerate in GMSB models. The

Figure 20-76 mass distribution for Point G2b. Figure 20-77 Same as Figure 20-75 for events within
a  window of the  peak in Figure 20-76.
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statistical error is about for . The systematic error is expected to be at the 0.1%

level. Thus it is possible to distinguish these masses from the average slepton mass measured

previously, thereby constraining the  mass as well.

20.3.4.4 Extraction of  and

Left-handed sleptons are produced mainly from decays of heavy gauginos although there is

also some direct Drell-Yan production. They can decay via . To reconstruct this

process, events within of the peak reconstructed in the previous section were select-

ed, and the was combined with another lepton with and . The resulting

mass distribution, Figure 20-78, shows a peak at the mass, 203 GeV, with a fitted width of 1.3

GeV. In addition to the resonance peak, there is also a low-mass structure in Figure 20-78. This

results from , which has a kinematic endpoint at

.

While this endpoint is clearly visible, there is a

lot of background under it, so an accurate

measurement will not be easy. Nevertheless,

this structure will provide some measurement

of a combination of the  and  masses.

20.3.4.5 Reconstruction of squarks

At Point G2b squarks are considerably lighter

than gluinos. Direct production of squarks

dominates, and the branching ratio for

is about 95%. Events were selected

to have an mass within of the

peak in Figure 20-76, and the was then

combined with each one of the four hardest

jets in the event. The resulting mass distri-

bution, Figure 20-79, shows a peak about 2%

below the average mass of 648 GeV with a

width of about 26 GeV. The statistical error on

the mass is negligible; the mass shift could be corrected by applying the jet rescaling procedures

described in Section 9.1.1.3 and the mass measured to about , the systematic limit on the jet

energy scale. The contribution of jets tagged as ‘s, shown as the dotted curve in the figure, is

very small.

The branching ratio for is about 25%. This decay can be reconstructed by in a similar

way by selecting events with an mass within of the peak in Figure 20-76 and

then combining the with any of the four hardest jets. The resulting mass distribution,

Figure 20-80, shows a peak about 3% below the average mass of 674 GeV. The figure also

shows the distribution for the subset of events tagged as ‘s. (No correction to the -jet energy

scale was made.) In contrast to the case, there is a clear peak close to the average mass –

647 GeV with a splitting of only 9 GeV – which is significantly below the mass. While the de-
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cay is dominant, both the and the have branching ratios of only a few percent

into . The contribution explains the fact that the difference between the fitted masses in

Figures 20-79 and 20-80 is a factor of two smaller than the –  mass difference.

20.3.4.6 Reconstruction of  decays

While is more difficult to reconstruct than , it provides additional information,

e.g., about the Higgsino content of the neutralinos. The analysis described here is only a first

pass: it uses generator information to identify the ‘s and their visible decay products rather

than the more sophisticated and realistic analysis used in Section 20.2.8. Hadronic ‘s were se-

lected with , , and either one or three charged tracks. A (perhaps optimistic)

efficiency of 60%, the same as for -tagging, was assumed and is included. The visible mo-

mentum was then combined with the slepton momentum. The resulting distribution is

shown in Figures 20-81 and 20-82 on two different scales. While the distribution does not show

any mass peaks because of the missing neutrinos, it does have rather sharp endpoints at the

and  masses.

If there is only one , then the true calculated from the calorimeter plus the sleptons can

be used to determine the momentum. Only the with the highest is used, and the angle

between it and the direction is required to be . The visible momentum is then

scaled by a factor , and the mass is recomputed. This gives the dashed curves

in Figures 20-81 and 20-82. As expected, including not only reduces the statistics but also

worsens the resolution for the , since the from is very soft. However, it produces a peak

near the right position for the . While this peak probably does not improve the mass resolu-

tion, it adds confidence that one is seeing a two-body resonance.

Figure 20-79 mass distribution at Point G1b.
The is required to be within of the
peak in Figure 20-76. The dashed curve is for jets
which are tagged as ‘s.

Figure 20-80 Same as Figure 20-79 but for .
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20.3.4.7 Direct production of sleptons and gauginos

The peak at low in Figure 20-74 is due to the direct production of sleptons and gauginos.

Studying this direct production does not lead to reconstruction of any new masses, but does

contain information that could be used to constrain the SUSY model. Events were selected as in

Section 20.3.4.3 and Figure 20-76 with the additional requirement , where the ef-

fective mass of course excludes the sleptons. The resulting mass distribution, Figure 20-83,

Figure 20-81 invariant mass distribution at
Point G2b. Solid curve: using visible momentum.
Dashed curve: using  as described in the text.

Figure 20-82 Same as Figure 20-81 on a finer scale.

Figure 20-83 Same as Figure 20-76 with the addi-
tional requirement .

Figure 20-84 Combination of from Figure 20-83 in
the mass range 110–120 GeV with an additional lep-
ton.
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shows a strong peak and a small peak. The second peak is suppressed both by its larger

mass and by the fact that its decay products can contribute to , causing part of the signal to

be discarded.

Events from the peak in Figure 20-83 can be combined with a third lepton to reconstruct di-

rectly produced sleptons decaying via . Events with were

combined with another lepton having and . Figure 20-84 shows the result-

ing mass distribution with a slepton peak having a fitted mass of 203.3 GeV and a width of

1.66 GeV. The low-mass feature from discussed previously is also vis-

ible. The number of events is much lower than in Figure 20-78, showing that the inclusive sig-

nals reconstructed in Section 20.3.4.4 are dominated by cascade decays, not by direct

production.

20.3.5 Fitting GMSB parameters

In several of the GMSB cases considered a number of masses can be determined from the kine-

matic properties of the event without making use of a model. Nevertheless, it is still useful to

make a global fit to determine the parameters of the minimal GMSB model. The method is sim-

ilar to that described in Section 20.2.9. A scan is made over the ranges

for both signs of . The upper limits on and are determined iteratively for each point.

Once an approximate solution has been determined, the ranges are reduced and more points

are scanned iteratively until the errors are determined. The signatures for the GMSB points

are qualitatively different from any SUGRA model except for Point G1b; no minimal SUGRA

solution was found for that point.

Results of the fits [20-36] for these four parameters are given for the same Low-L, High-L, and

Ultimate scenarios as in Section 20.2.9 except that for the first two the theoretical error on the

light Higgs mass is taken to be , somewhat more conservative than the value assumed in

the SUGRA fits. The parameter is independent from the other parameters, and is deter-

mined in each case from the NLSP lifetime as already discussed. No study of the determination

of non-minimal GMSB parameters has yet been made.

20.3.5.1 Point G1a

At Point G1a the presence of two prompt photons in almost every SUSY event strongly suggests

a GMSB-like scenario. Besides the light Higgs mass there are four precisely measured combina-

tions of leptons and photons, which are summarised in Table 20-18 with their estimated errors.

The estimated error on at low luminosity may be a bit too small compared to the errors

given in Section 20.2.3. The errors at high luminosity are dominated by systematic effects. These

four observables can all be related to combinations of the masses involved, and they are suffi-

cient to determine the parameters of the minimal model. The other measured quantities provide

cross checks on the model but do not significantly constrain the parameters.
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The results of the fit are shown in Table 20-19. As expected, , , and are well deter-

mined even at low luminosity, while is never very precisely determined because it enters

only through the logarithmic running of masses in the renormalisation group equations. Since

is determined mainly from the Higgs mass, the errors on it do improve. Another handle on

 might be provided by the large violation of  universality at Point G1a, e.g.,

This has not yet been studied.

20.3.5.2 Point G1b

While the masses are the same at Point G1b as at Point G1a, the absence of decays

leads to fewer measurements, which are summarised in Table 20-20. The measurement of the

average slepton mass relies [20-36] on understanding the shape of a lepton-jet mass distribu-

tion, not just on kinematics. The gluino mass measurement nominally comes from an endpoint,

but it also really requires understanding the shape of a distribution.

If the squark mass measurement is not included, then the fit is only able to constrain two combi-

nations of parameters with any precision. For ,

• ;

• .

There is no independent information on and because the position of the dilepton edge is

independent of the slepton mass for , and the equality holds to within 0.5 GeV

at this point.

Table 20-18 Inputs for the minimal GMSB fit at Point G1a.

Quantity Reference Low-L Ultimate

Section 19.2.2

Section 20.3.1.1 same

Section 20.3.1.1

Section 20.3.1.1

Section 20.3.1.1

Table 20-19 Results of the minimal GMSB fit at Point G1a. is unambiguously determined. Note that
the errors in Reference [20-36] are too small by a factor of .

Parameter Low-L High-L Ultimate

same

same

same

Mh 109.47 3.0±( ) GeV 109.27 0.2±( ) GeV

Mll
max 105.1 0.1±( ) GeV

Mll γ
max 189.7 0.3±( ) GeV 189.7 0.2±( ) GeV

Ml γ
1( ) 112.7 0.15±( ) GeV 112.7 0.1±( ) GeV

Ml γ
2( ) 152.6 0.3±( ) GeV 152.6 0.2±( ) GeV

µsgn +=
2

Λ 90000 1700±( ) GeV 90000 890±( ) GeV

Mm 500000 170000±( ) GeV 500000 110000±( ) GeV

N5 1.00 0.014± 1.00 0.011±

βtan 5.0 1.3± 5.0 0.4± 5.0 0.14±

Λ N5 µsgn
Mm

βtan
βtan e µ⁄ τ⁄

B χ̃2
0 ẽe→( ) 25%=

B χ̃2
0 τ̃τ→( ) 41%=

χ̃1
0 Gγ→

30 fb 1–

ΛN5 90000 880±( ) GeV=

βtan 5.0 1.8–
+2.7=

Λ N5
M

l̃ R
M χ̃1

0M χ̃2
0=
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If the squark mass measurement is included, then the fit gives for

• ;

• ;

• ;

• ;

assuming , but there is also a solution for . This can be eliminated only if the

slepton mass can be measured independently or the squark mass can be measured to .

The errors decrease somewhat with higher luminosity, but the GMSB parameters remain poorly

constrained.

The signatures for Point G1b are not qualitatively different from those of a SUGRA model. A fit

to the measurements in Table 20-20 not including the squark mass gives for

• ;

• ;

• ;

• ;

• .

The fit has a probability of only 15%. The mean value of the squark mass is 760 GeV; GMSB

models typically give a more spread-out spectrum than SUGRA ones. Hence the SUGRA fit can

be ruled out by the squark measurement.

It may be possible to obtain a better determination of the parameters at this point, but doing so

would require generating many samples of events and comparing the predicted distributions

with the data. Thus, this point serves as a caution about drawing overly optimistic conclusions

about the generality of the methods discussed in this chapter.

20.3.5.3 Point G2a

At Point G2a the prompt decay of the slepton provides well-measured multi-step decays. The

measurements summarised in Table 20-21 are already limited by systematics for an integrated

luminosity of ; there is indeed not much improvement beyond . All of the meas-

urements can be related precisely to combinations of masses, making the fit straightforward.

Table 20-20 Inputs for the minimal GMSB fit at Point G1b. The measurement below the horizontal rule deter-
mines a combination of masses and production dynamics.

Quantity Reference Low-L Ultimate

Section 19.2.2

Section 20.3.2.2 same

Section 20.3.2.3

[20-36] same

Mh 109.47 3.0±( ) GeV 109.27 0.2±( ) GeV

Mll
max 105.1 0.1±( ) GeV

Mg̃ M χ̃2
0– 523 30±( ) GeV 523 15±( ) GeV

Mq̃L
〈 〉 988 50±( ) GeV

30 fb 1–

ΛN5 90000 880±( ) GeV=

Λ 90000 11500±( ) GeV=

Mm 7 108× GeV<

βtan 5.0 1.8–
+2.7=

µsgn += µsgn −=
10 GeV±

30 fb 1–

m0 100 20±( ) GeV=

m1 2⁄ 295 6±( ) GeV=

βtan 4.5 1.1±=

µsgn +=

A0 250 200±( ) GeV=

30 fb 1– 10 fb 1–
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The results of the fit are summarised in Table 20-22. Since there is accurate information on both

sleptons and gauginos, and are well determined even for low luminosity, and even is

determined to about 25%. The sign of is unambiguous. The reduced error on for the Ul-

timate fit comes just from assuming no theoretical error on the Higgs mass.

20.3.5.4 Point G2b

At Point G2b the sleptons are stable; their masses can be determined by time of flight measure-

ments and their momenta directly measured. This allows many different masses to be recon-

structed directly as peaks in invariant mass distributions Even for an integrated luminosity of

the errors are limited by the systematics of the detector energy scales, assumed to be 1%

for jets and 0.1% for electrons and muons, so there is no need to summarise them here.

The results of the fit are summarised in Table 20-23. Again, and are well determined.

is determined to less than , and the error on is limited by the uncertainty on the light

Higgs mass. At least within the minimal GMSB model, the only question is how well

could be measured or limited by looking for occasional slepton decays in the tracking system.

Table 20-21 Inputs for the minimal GMSB fit at Point G2a.

Quantity Reference Low-L Ultimate

Section 19.2.2

 (first edge) Section 20.3.3.1 same

 (second edge) Section 20.3.3.1 same

Section 20.3.3.2 same

Section 20.3.3.2 same

Table 20-22 Results of the minimal GMSB fit at Point G2a. is unambiguously determined. Note that
the errors in Reference [20-36] are too small by a factor of .

Parameter Low-L High-L Ultimate

same same

same same

same same

Table 20-23 Results of the minimal GMSB fit at Point G2b. is unambiguously determined. Note that
the errors in Reference [20-36] are too small by a factor of .

Parameter Low-L High-L Ultimate

same same

same same

same same

Mh 106.6 3.0±( ) GeV 106.6 0.2±( ) GeV

Mll
max 52.21 0.05±( ) GeV

Mll
max 175.94 0.18±( ) GeV

Mllq
max 640 7±( ) GeV

Mlq
max Mllq

max⁄ 0.450 0.004±

µsgn +=
2

Λ 30000 540±( ) GeV

Mm 250000 60000±( ) GeV

N5 3.00 0.05±

βtan 5.0 1.0± 5.0 1.0± 5.0 0.06±

Λ N5 Mm
µ βtan

10 fb 1–

Λ N5 Mm
15%± βtan

Cgrav

µsgn +=
2

Λ 30000 250±( ) GeV

Mm 250000 32000±( ) GeV

N5 3.00 0.02±

βtan 5.0 0.3± 5.0 0.3± 5.0 0.03±
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The signature is straightforward in principle – the track ends, and an track begins with a rel-

ative , giving rise to ‘kinks‘ – but the pattern recognition has not yet been studied. It

however should be feasible at low luminosity.

20.4 R-Parity breaking models

The conservation of R-parity, defined as

is an elegant way of imposing at the same time baryon (B) and lepton (L) number conservation

in supersymmetric theories. However, there is no compelling theoretical reason why R-invari-

ance should be a symmetry of the Lagrangian. It is therefore useful to investigate the phenome-

nological consequences of realistic models with broken R-parity.

In models with minimal field content, the R-violating superpotential can be written as

,

where L and E are respectively isodoublet and isosinglet lepton, and Q and D are isodoublet

and isosinglet quark superfields, and the indices i,j,k run over the three quark and lepton gener-

ations. The superscript c indicates charge conjugation. The terms in the superpotential explicitly

violate baryon number (through the nine couplings) and lepton number (by the nine

and the 27 couplings). In order to ensure proton stability, either L or B violating terms

should be absent. Experimental limits on various L- and B-violating processes constrain the val-

ues of most of the couplings to a few [20-14], but some of the couplings have bounds of

order one.

Any additional term in the Lagrangian with a coupling bigger than becomes competitive

with the gauge couplings and affects the mass spectra and the branching ratios of the models,

which will be very different from the R-conserving case. Such scenarios, for which no appropri-

ate simulation tool was available for pp physics, are not considered further in this study. (Work

on such scenarios has now started using HERWIG [20-40].) For lower values of the λ couplings,

the only effect is the fact that the LSP becomes unstable, and decays to three R-even particles.

The search strategies are thus drastically different with respect to R-parity conserving models,

for which the basic signature is the  from undetected  in the final state.

For a value of the coupling constant the LSP will decay outside the detector, thus giv-

ing a phenomenology identical to R-parity conserving models. For λ values between and

the LSP will either decay with a displaced vertex in the detector, or at the interaction ver-

tex. The studies in this section focus on the latter case, for which no additional information is

available to disentangle the LSP decay products from the Standard Model background.

Given the requirements from proton decay lifetime, only one of the three terms in the superpo-

tential is assumed to be non-zero for each given model study. Each of three cases presents a dis-

tinct  decay pattern:

• for  giving six additional jets in the final state.

• for  giving four charged leptons per event and .

• for  giving four additional jets and two charged leptons or .

l̃ l
pT M

l̃
2⁄∼

R 1–( )3 B L–( ) 2S+=

WRPV λi jkLiL jEk
c λ′i jkQiL jDk

c λ″i jkUi
c
D j

c
Dk

c
+ +=

λ″i jk λi jk
λ′i jk

λ 10
2–

10
2–

ET
miss χ̃1

0

λ 10 6–<
10

2–

10
6–

χ̃1
0

χ̃1
0 qqq→ λ″i jk 0≠

χ̃1
0 l+l -ν→ λi jk 0≠ ET

miss

χ̃1
0 qql qqν,→ λ′i jk 0≠ ET

miss
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Each of the cases was studied separately, in general for each case assuming that the coupling

constant is non zero only for one flavour combination at a time.

All the studies were performed within the minimal SUGRA model, with the forced to decay

to the appropriate quark/lepton combination. The first step in the study was to verify that

SUSY events can still be sorted out from the Standard Model background, even in the absence of

the classic signature. This is straightforward for the L-violating couplings, which in most

of the cases produce a high number of leptons in the final state, and requires a more careful

analysis for the B-violating case. The next step was to study, for the five sample points in the

SUGRA parameter space, the same exclusive decay chains that were studied for the R-conserv-

ing case. In general, the increased complexity of the events will make it more difficult to extract

exclusive signatures from the SUSY combinatorial background. On the other hand, in many cas-

es it will be possible to reconstruct the from its decay products, opening the possibility of the

full reconstruction of the masses of the particles taking part in the identified decay chains.

20.4.1 Baryon number violation: χ1
0 → qqq

This is potentially the most difficult case, as the decay of the into three jets destroys the

signature, and the increased jet multiplicity may not give a sufficient handle to extract the

SUSY signal from the Standard Model background. The choice of a specific as the domi-

nant coupling only affects the final state signatures by changing the heavy quark multiplicity in

the events. Two independent studies were performed using ISAJET [20-41] and HERWIG 6.0

[20-42], assuming that only the R-violating coupling is different from zero, yielding the

decay

plus its complex conjugate. This particular choice of the non-zero coupling is motivated by the

absence of significant experimental bounds [20-14] and by the decision to study a particularly

difficult case where the high number of c-quarks in the final states increases the background to

signatures based on the detection of b-quarks. HERWIG 6.0 contains a preliminary version of a

simulation of all R-parity violating processes [20-40].

The general features of the model were studied using SUGRA Point 5 as an example. In

Figures 20-85 and 20-86 the distributions of and of the number of jets with

are shown for the R-conserving case and the R-violating case at Point 5. The signature has

been significantly reduced, but the jet multiplicity is higher, as expected. The has a rather

low mass, 112 GeV, and the jets from its decay will be rather soft and not well separated.

20.4.1.1 Inclusive signatures

The SUSY cross-section at SUGRA Point 5 is dominated by squark production either directly or

from gluino decay. The final states will therefore be characterised by the presence of at least

eight hadronic jets, and by a mass scale around 700 GeV. In order to have an estimate of the

mass scale a variable can be defined:

.

The distribution of  for events selected by requiring:

χ̃1
0

ET
miss

χ̃1
0

χ̃1
0

ET
miss

λ″i jk

λ″212

χ̃1
0 cds→

ET
miss pT 15GeV>

ET
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0
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η 2<( )
∑ pT
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• at least eight jets with ;

• at least one jet with ;

• transverse sphericity > 0.2, thrust > 0.9;

is shown in Figure 20-87 for the SUSY signal,

for QCD jets, and for other Standard Model

backgrounds. A hard cut on the jet is nec-

essary to reduce the QCD multijet back-

ground, but it also reduces the efficiency for

the jets from the decay. After the cuts de-

scribed above, the signal is still dominated by

the QCD background for all values of .

The SUSY signal can therefore be separated

from the SM background only by requiring the

presence of at least one lepton in the event. If

eight jets with and a lepton with

are required, a cut on

will yield a signal over

background ratio of 2.4. If two leptons are re-

quired, the ratio is greater than ten, and ap-

proximately 10000 events are expected for

SUGRA Point 5, for an integrated luminosity

of .

Figure 20-85 distribution for SUGRA Point 5
in the case of R-parity conservation (shaded histo-
gram) and R-parity violation (empty histogram).

Figure 20-86 Total jet multiplicity ( )
distribution for R-parity conservation (shaded) and R-
parity violation at SUGRA Point 5. The jets are recon-
structed using a topological algorithm based on joining
neighbouring cells.
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Another feature of SUGRA Point 5 is the presence of a large number of b-jets in the final state.

Even by requiring four tagged b-jets, with no requirement on leptons, the signal cannot be ex-

tracted from the background. The high b-jet multiplicity can be used in combination with the re-

quirement of one or more leptons in the final state to confirm a signal for new physics.

Abundant lepton production from decays is expected over a large part of the SUGRA pa-

rameter space, as shown in Figure 20-6. Therefore, it is expected that it will be possible to dis-

cover B-violating SUGRA models over a significant fraction of the parameter space with

analyses similar to the one performed for Point 5.

20.4.1.2 Precision measurements

The di-lepton mass edge, produced from the

decay is the starting point

for exclusive analyses at SUGRA Point 5, and

provides a very precise constraint on a combi-

nation of the masses of , and . In -

violating models the three masses involved

can often be directly measured, but usually

with limited statistical precision, and with the

systematic uncertainties associated to the use

of jets to reconstruct the invariant masses. The

detection of the lepton edge provides more-

over an easy way of selecting a pure SUSY

sample for the reconstruction of exclusive final

states.

Events were selected by requiring:

• at least eight jets with ;

• transverse sphericity > 0.2, thrust > 0.9;

• ;

• two opposite sign (OS), same flavour

(SF) leptons, with .

The invariant mass spectrum of the two leptons is shown in Figure 20-88. For an integrated lu-

minosity of the expected SM background is about 400 events for 7500 SUSY events. The

SUSY combinatorial background can be subtracted using the distribution of OS different fla-

vour (DF) events, shown as a hatched histogram in the plot. The edge can be measured as

, where the systematic error is given by the lepton energy

scale.

The direct reconstruction of decays is problematic for two main reasons. First there is

a high jet multiplicity, produced both from squark and gluino decays and from the presence of

two decays in each event. Second, the mass is typically rather small over most of

the accessible SUGRA parameter space – 122 GeV for Point 5. As an example, the softest jet

from the harder (softer) has an average of 35 (21) GeV. It is therefore necessary to keep a

very low jet threshold in the analysis, thus increasing the probability of picking up a wrong jet

from the underlying event.

χ̃2
0

Figure 20-88 Distribution of the invariant mass
formed by two OS-SF leptons after the selection
described in the text for an integrated luminosity of

. The cross-hatched distribution is the SM
background, and the hatched distribution is the combi-
natorial background from OS-DF leptons.
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The first step in the reconstruction is aimed at

minimising the contribution from additional

jets in the event. The high cross-section proc-

ess with lowest jet multiplicity is pro-

duction, followed by the decays and

, with the decaying via

. The cuts used to select this

process while minimising the QCD back-

ground were:

• one or two leptons with . If

two, they should be OS-SF with

;

• at least eight jets with ;

• no additional jets and no b-jets with

;

• two central jets with |η|< 2, and

, ;

• ;

• transverse sphericity > 0.2, thrust > 0.9.

Pairs of three-jet combinations were then built from the jets in the event excluding the two lead-

ing ones. A series of cuts on the angular distance and on the transverse momentum of the jets

was then applied, reducing the average number of combinations per event to 4.6. A given pair-

ing of the six jets,  and , in order to be accepted was required to fulfil:

.

In case more than one combination satisfied the requirement, the one with minimum was

retained. The resulting mass distribution is shown in Figure 20-89 superimposed to the QCD

background for an integrated luminosity of . A very broad peak can be seen at the posi-

tion corresponding to the mass, which corresponds also to the maximum of the QCD back-

ground. By using the Monte Carlo information, an efficiency of approximately 80% was found

for reconstructing at least one  correctly, and 25% for both.

In the second analysis, all unique pairs of masses passing the above cut were histogrammed,

and the combinatorial background under the peak was estimated from the mass of all the neu-

tralino candidates for which

.

The upper plots in Figure 20-90 show the distribution of all neutralino candidates, and those in

background sample, which is normalised in the region away from the peak, and the signal after

background subtraction, for Point 5. The resulting signal peak has a fitted mean of 113 GeV,

with a width of 15 GeV, 9 GeV below the true neutralino mass. This shift is due to the loss of en-

ergy from the cone used to define the jets, which is estimated in Section 9.1.2 to be approximate-

ly 10% at low . Further work is in progress to optimise the mass estimate and resolution.

Figure 20-89 Distribution of the invariant mass for all
3-jet combinations passing the selection cuts
described in the text for an integrated luminosity of

. The cross-hatched distribution shows the
SM background. The nominal value of is 122
GeV.
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The sensitivity of the peak position to the mass was studied generating a second event sam-

ple for SUGRA Point 1 with a mass of 168 GeV. The distributions for this point, before

and after background subtraction, are shown in Figure 20-90. The statistical precision is less as

the cross-section is smaller. The fitted mass is , compared to 151 GeV ex-

pected after energy loss from the jet cones. The shift is due to a small bias introduced by the

cuts, which were optimised for Point 5. A data set with looser cuts is in production to study this

effect.

From the fit to the background subtracted mass peak, the mass is expected to be measured

with a statistical error of ± 3.1 GeV. The systematic uncertainties are similar to the ones studied

for the top mass reconstruction in Chapter 18, with the difference that in this case the jet combi-

natorial is higher, the W mass constraint absent, and the is lighter than the top. The large

available statistics of top events will allow a detailed study with of the systematic effects inher-

ent in multijet mass reconstruction.

From the reconstructed , using the decay chain , the and peaks can

be reconstructed. Events were selected by requiring:

• two reconstructed  in a window 20 GeV wide centred on the fitted  mass;

Figure 20-90 Distribution of three-jet combinations invariant masses obtained for =122 GeV (upper plots)
=168 GeV (lower plots). The left hand plots show the candidates (solid histogram) and the combinato-

rial background (dashed histogram), while the left hand plots show the signal after background subtraction. The
superimposed fit is to guide the eye to the peak.
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• two opposite sign, same flavour lep-

tons with , ,

and .

The momenta of the three jets were rescaled

using the constraint of the measured

mass.

Since the events used for the mass recon-

struction were explicitly selected to enhance

the contribution of production, the

hardest was assumed to come from the

decay . Therefore, the mass was

reconstructed by calculating the invariant

mass of the softer with both leptons in the

event. The distribution of the lower of these

two masses is shown in Figure 20-91, for an

integrated luminosity of . The statis-

tics are rather low as the plot includes 119

events, but a clear peak at the nominal

mass (157 GeV) is visible. The statistical un-

certainty on the slepton mass was estimated

to be by comparing the observed peak with the peaks obtained varying the slepton

mass by .

The is reconstructed by combining both sleptons with the softer , after applying a cut

around the peak. The resulting distribution (Figure 20-92) shows a peak at the nominal

mass of 233 GeV. Within the statistical uncertainty, the peak position follows the mass, as

Figure 20-92 Distribution of the invariant mass of the
softer with the two leptons in the event. The distri-
bution is peaked around the nominal mass of
233 GeV.

Figure 20-93 Distributions of the invariant mass off
the softer with the two leptons in the event for two
different values of the mass: 212 GeV (top plot)
and 252 GeV (bottom plot).

Figure 20-91 Distribution of the smaller invariant
mass of the softer candidate with a lepton in the
event. The distribution is peaked around the nominal

 mass of 157 GeV.
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shown in Figure 20-93, where the distributions for masses varied by with respect

to the nominal one are shown (top and bottom plot). From these distributions, the mass was

measured to be .

This same event sample can in principle be used for the direct reconstruction of both and ,

by combining the hard jets in the event with the reconstructed and respectively. In prac-

tice, the number of fully reconstructed is too small to allow a meaningful reconstruction

to be made. Therefore the analysis was focused on the reconstruction of the decay .

The events were selected by requiring two reconstructed within 30 GeV of the measured

mass, and a of the leading jet larger than 300 GeV, in order to further enhance the fraction of

 decays in the sample. After these cuts 50% of the events contain a .

The choice of the correct jet- combination was performed in two steps. First each of the two

leading jets was combined with the softer and the leptons in the event, and the combination

giving the lower mass was retained as the . The remaining hard jet was then combined with

the harder . The invariant mass spectrum, shown in Figure 20-94, has a broad peak around

660 GeV, the nominal mass. By varying the mass, it was verified that the peak position

does follow the mass, while it is insensitive to the value of the mass. From the invariant

mass distribution, the squark mass is measured to be .

The reconstruction of the peak was

straightforward at Point 1 and Point 5 for R-

parity conserving models. In that case the

Standard Model background was efficiently

rejected by the requirement. In the B-vi-

olating case, the cannot be used, and the

combined requirement of one lepton and two

b-jets causes an unacceptable loss of statistics.

Moreover, for the considered decay, which

involves a c-quark, the SUSY background

would also be big for realistic values of the

probability to misidentify a c-jet for a b-jet. An

explicit attempt at reconstruction shows that

at Point 5 it is not possible to extract a signifi-

cant  peak.

The SUSY events with abundant production of

Higgs bosons in decays would anyway

contain a large number of b-quarks from h de-

cay, and the observed b-jet rate can be used to

constrain the sign of µ.

All the analyses described above are valid only for SUGRA Point 5. The reconstruction of

was attempted also for the other SUGRA points. At Points 1 and 2, the sparticles are heavier, so

the production cross-section is lower. As shown above, applying the same reconstruction meth-

od as for Point 5 gave a peak in the three-jet invariant mass for the signal. The QCD background

is 30% higher than the signal, thus rendering the detection of the three-jet peak more difficult.

On the other hand, the higher energy of the jets from the decay as compared to Point 5 en-

hances the fraction of events in which the three jets can be reconstructed. A more detailed study

based on the optimisation of the cuts for Points 1 and 2 is needed to assess the achievable preci-

sion of the mass measurement. At Point 3, the high production cross-section guarantees the

discovery of SUSY, but the low mass (44 GeV) renders the direct reconstruction of the
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Figure 20-94 Invariant mass of the harder with
the leading jet in the event. The cross-hatched distri-
bution is for events which do not contain a . The
nominal  mass is 660 GeV.
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from hadronic jets impossible. At Point 4, the mass of the is 80 GeV, and the most promising

channel is the electroweak production of chargino-neutralino pairs, which has a cross-section of

3.5 pb, followed by purely leptonic decays of the two gauginos, which gives final states with no

jets from sparticle decays, except the ones from the two . A detailed study is in progress to

verify if the  can be reconstructed in this case.

20.4.1.3 Constraints on the SUGRA parameters

The basic difference with respect to R-parity conserving SUSY is the possibility of direct mass

measurements, albeit with very low statistics and limited precision. The studies performed up

to now were based on a naive use of the standard jet algorithms. With these algorithms, a con-

vincing reconstruction of the , and subsequently of the particles decaying into it, seems pos-

sible only in the cases where the SUSY mass scale is low enough to guarantee a high production

cross-section, and the is heavy enough to decay into an identifiable three-jet configuration.

These conclusions could be modified by more detailed studies of jet reconstruction. On the oth-

er hand, the much increased jet multiplicity renders more difficult the extraction of signatures

such as the peak from the decay. Therefore the value of tan β, which is constrained

by the Higgs mass measurement, would be accessible only if the direct production of the Higgs

boson, e.g. in the  channel, could be performed.

In conclusion, for B-violating SUGRA at Point 5, which was studied in detail, the parameters of

the model should be constrained with a precision approximately equivalent, or somewhat bet-

ter, to the one found in the R-conserving case except for tanβ, which requires a measurement

outside SUSY final states.

20.4.2 Lepton number violation: χ1
0 → l+l-ν

For this class of models, both in each event decay into three leptons, of which at least two are

of different flavours since the couplings are antisymmetric. One lepton is neutral, and the

other two have opposite charges, since the LSP is supposed to be neutral. The two charged lep-

tons can either have the same flavour or different flavours. The relative weight of the two con-

figurations is a function of the neutralino mixing matrix. For the studies presented here [20-43],

the decay branching fractions are implemented in the simulation using the program de-

scribed in [20-44]. This results in a dramatic increase in the number of leptons in the final state,

and in the presence of a certain amount of . The standard model background is exceeding-

ly small. In case one of the three subscripts of the takes the value three, one of the leptons is

of the third generation, thus reducing the number of ‘stable’ leptons in the final state. In particu-

lar, if the k subscript takes the value three, all the events contain two τ’s. In these cases the elec-

tron and muon multiplicity is significantly reduced, and there is a moderate increase of the

.

20.4.2.1 Inclusive signatures

The high number of leptons in the final state renders the extraction of the SUSY signal from the

Standard Model background very easy. The following selection criteria are sufficient to reduce

the Standard Model background to a negligible level:

• at least three leptons with  (lepton = e, µ);
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• ;

•  for the leading lepton.

In order to study the reach of these selection

criteria in the SUGRA parameter space, 1000

events were generated for each point in the

plane. The remaining parameters

of the models were set to the values: tanβ=2,

A=0, µ positive. The reach is conventionally

expressed as the region in parameter space

for which , with number of signal

events and number of background events

after the cuts. The reach in the

plane for an integrated luminosity of

is shown in Figure 20-95. The black squares

represent the points for which , and

the white squares the points for which, due

to the low statistics generated, the sensitivity

could not be calculated.

The mass scale of the SUSY events can be

studied using a variable similar to the

variable defined for the R-parity conserving

case, modified to take into account the de-

cay products:

.

10000 events were generated at 30 random

points in the parameter space. For each of

these points the correlation between the maxi-

mum of the distribution and is

shown in Figure 20-96, where is de-

fined as.

.

A good correlation is observed, with a ratio of

approximately two.

A fundamental parameter for R-parity violat-

ing models is the strength of the different cou-

plings . For the decay the study

of the lepton universality violation in the final

state should give a hint on which coupling is

dominant. To illustrate this, a study was per-

formed for SUGRA Points 1, 3 and 5 and for

two dominant couplings: and . For

all three points, the number of events with

zero electrons and four muons was compared

ET
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Figure 20-95 Reach in the plane for a
model with for an integrated luminosity
of .
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to the number of events containing four electrons and zero muons. For the four-µ
events dominate the four-electron events by roughly a factor of ten, whereas for the two

topologies have approximately the same weight, and the overall statistics of four-lepton events

is a factor between two and five lower than in the previous case. This is as expected from the in-

dex three in the coupling, which produces the decay of the into τ leptons. The pattern can be

observed in Figure 20-97 where the number of muons per event is plotted for Points 1 and 5 for

two dominant couplings. Only the events for which the sum of the number of electrons and

muons is equal to four enter the plot.

20.4.2.2 Precision measurements

The study of detailed signatures was performed for three SUGRA Points: 1, 5, and 3, corre-

sponding respectively to a high, medium and low mass scale. As already discussed in detail in

the R-parity conserving sections, Points 1 and 5 both have a signature. In addition

Point 5 has also a lepton-based signature from slepton decay. Point 3 is interesting in this con-

text because the abundant lepton production from decays can give a combinatorial back-

ground to the  direct reconstruction.

Models with two different dominant R-violating couplings were studied: and .

In the first case, each decay contains two electrons or muons. For the coupling, each

 decay contains a τ lepton.

20.4.2.3 Points 1 and 5:

The decay of the is in this case . Each event contains at least four lep-

tons. The signature for the decay is either a pair of Opposite Sign-Same Flavour leptons (OS-

SF) or a pair of Opposite Sign-Different Flavour (OS-DF) leptons, with the relative ratio of the

two modes determined by the neutralino mixing matrix.

Figure 20-97 Distributions of the number of muons per event if the sum of the number of electrons and muons
is equal to four, for two different active couplings for SUGRA Points 1, and 5. The full boxes are for and
the stars for .
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The events were selected by requiring:

• at least four leptons with ;

• , where  is the angle between any OS-DF lepton pair;

• .

At Point 1 the production of lepton pairs is dominated by the decays. At Point 5 there is a

significant contribution from the decay , which produces OS-SF lepton pairs.

Therefore an additional cut: and was added for Point 5 to reduce the impor-

tance of this background.

The distribution of the invariant mass for the OS-DF lepton pairs after the above cuts is shown

in Figure 20-98 for Point 1. There is a clear edge structure superimposed on the combinatorial

background. After subtraction of the background parametrised with a Maxwellian function, the

mass can be measured by fitting the resulting distribution near the end point with a polyno-

mial function, as shown in Figure 20-99. The resulting values are: for

Point 1 and for Point 5, where the error is the quadratic sum of the

statistical error from the fit to the end point and of the 0.1% uncertainty in the lepton energy

scale.

In the following, a reconstructed is defined as an OS-DF lepton pair with an invariant mass

in the interval ( , ), where is the measured end point, and is 50 GeV for

Point 1 and 30 GeV for Point 5.

To reconstruct the peak from the decay two additional requirements were ap-

plied:

• at least two b-jets with  for Point 1 (Point 5) and ;

•  for Point 1 (Point 5), with  the angle between the two b-jets.

Figure 20-98 Invariant mass distribution for OS-DF
lepton pairs at Point 1, for and for an inte-
grated luminosity of . The combinatorial back-
ground is shown as a shaded histogram.

Figure 20-99 Same distribution as for Figure 20-98,
after background subtraction. The polynomial fit to the
end point is shown.
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The invariant mass distribution of the

pairs is shown in Figure 20-100 for Point 1.

The background is only from SUSY combina-

torial, and it is larger than in the R-parity con-

serving case. This is due to the increase of the

background from decays of third-generation

squarks, which was suppressed by the lepton

veto in the R-parity conserving case.

The reconstructed h peak was then combined

with a reconstructed to form the mass.

For this purpose the events were required to

contain at least one reconstructed , and a

pair within ±15 GeV of the measured h
mass. The angle α between the h and the

candidates was required to satisfy the condi-

tion:  for Point 1 (Point 5).

A harder angular cut was applied at Point 1,

as the and the h are expected to have a

higher boost. The reconstructed mass is

shown in Figures 20-101 and 20-102 for

Points 1 and 5 respectively. From a fit to the peak, the following measurements were obtained:

 for Point 1 and  for Point 5.

The has a branching fraction of 60% into for both Points 1 and 5. The in turn decays

with 100% branching ratio to . This decay can be fully reconstructed by identifying the

decay of the W. In events with a reconstructed , light quark pairs were selected according to

the following requirements:

Figure 20-101 Invariant mass of a Higgs candidate
with a for Point 1 ( ) and an integrated
luminosity of . The distribution shows a peak
at the expected position of the  mass (326 GeV).

Figure 20-102 Invariant mass of a Higgs candidate
with a for Point 5 ( ) and an integrated
luminosity of . The distribution shows a peak
at the expected position of the  mass (233 GeV).

Figure 20-100 Invariant mass of bb pairs at Point 1
( ) for an integrated luminosity of .
The full line histogram is the signal+background, the
hatched is the SUSY combinatorial background.
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•  and  for Point 1 (Point 5);

•  for Point 1 (Point 5).

The invariant mass distribution of the two selected jets shows a clear peak around the W mass

over a large combinatorial background. The W was selected by requiring an invariant mass

within 15 GeV of the nominal W mass. The W candidate was then combined with the if the

angle α between them satisfied the requirement . The resulting invariant mass is

Figure 20-103 Invariant mass of a candi-
date with a candidate for Point 1 ( ) and
an integrated luminosity of . The distribution
shows a peak at the expected position of the mass
(326 GeV).

Figure 20-104 Invariant mass of a candi-
date with a candidate for Point 5 ( ) and
an integrated luminosity of . The distribution
shows a peak at the expected position of the mass
(232 GeV).

Figure 20-105 Invariant mass of with a hard jet in
Point 1 ( ) for an integrated luminosity of

. The expected positions of the mass of the
right handed squark is shown.

Figure 20-106 Invariant mass of with a hard jet in
Point 5 ( ) for an integrated luminosity of

. The expected positions of the masses of the
right handed squark is shown.
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shown in Figures 20-103 and 20-104 for Points 1 and 5 respectively. A peak is visible at the value

of the mass, for both points. Due to the high combinatorial background under the selected

W, the peak is very broad and the statistics is low. From the peak width and the number of

events, an uncertainty on the mass measurement of around 6 GeV for Point 1 and 4 GeV for

Point 5 can be estimated.

Squark reconstruction can be attempted for by exploiting the decay . Events were

selected requiring at least one reconstructed and a hard jet. The hard jet was required not to

give an invariant mass within 15 GeV of the Z or of the W mass combined with any other light

jet in the event and to be in the same hemisphere as the  candidate.

The invariant mass distributions are shown in figures Figures 20-105 and 20-106 for Points 1

and 5 respectively. The observed peaks are very broad, and suffer from contaminations from

gluino and decays. In particular at Point 1 the mass is rather close to the gluino mass, and

it is difficult to determine if the observed peak is actually due to decay. The situation looks

clearer for Point 5, where the peak is clean, and has a good statistical significance. In order to

extract a measurement from these distributions a detailed knowledge of the combinatorial

background is necessary.

Given the low statistics of reconstructed (see Figures 20-101 and 20-102), the decay

can only be reconstructed for Point 5. The events were required to include a reconstructed

within 40 GeV of the measured peak, and a hard jet with which cannot be as-

cribed to a decay. The resulting invariant mass distribution is shown in Figure 20-107.

The peak at the mass is clean and has a reasonable statistics, allowing the mass to be

measured with a precision of about 15 GeV. The distribution presents an enhancement around

500 GeV, which, if statistically significant could be interpreted as a decay

where the three jets from the top decay are reconstructed as a single jet.

At Point 5 the right handed sleptons are produced in decays, and can be reconstructed

from their dominant decay . Events were selected by requiring a candidate and an

additional lepton. The lepton transverse momentum was required to be between 10 and

Figure 20-107 Invariant mass of a candidate with
a hard jet at Point 5 ( ). The position of the
expected peak for the  is shown.

Figure 20-108 Invariant mass of the with a lepton
at Point 5 ( ). A peak at the expected position
of the  mass can be seen.
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200 GeV, and the angle α between the and the lepton to satisfy the condition . The

invariant mass distribution is shown in Figure 20-108. The peak is superimposed on a combina-

torial background mainly coming from the decay chain . From a Gaussian

fit to the peak the slepton mass is measured to be .

20.4.2.4 Points 1 and 5:

In this case there is always a τ lepton among the decay product. The clear OS-DF signature

exploited for the case is therefore lost, and the direct reconstruction of the is very

difficult. The aim of the analysis is in this case to check if the signatures studied in the R-parity

conserving case are still valid.

At Point 5 the decay chain with the subsequent decay yields three lep-

tons, among which an OS-SF and an OS-DF flavour pair can be formed. The lepton-lepton edge

from the decay has a big combinatorial background from the additional lep-

tons in the event. The events were selected in the same way as for the mass reconstruction,

requiring the two OS-SF leptons to have , to be in the same hemisphere and to be

unbalanced. The resulting invariant mass distribution of OS-SF lepton pairs is shown in

Figure 20-109. An edge structure is visible above the combinatorial background. The precision

with which this can be measured has not been investigated.

The OS-DF pairs with an invariant mass near the endpoint can be further combined with an OS

lepton pair in the event, where one of the additional leptons comes from the decay, and the

other one from the tau decay. If the mass of the OS-DF pair is rescaled to the value of the meas-

ured end point, the invariant mass distribution with the two additional leptons presents an

edge which is sensitive the  mass.

Figure 20-109 Invariant mass of OS-SF lepton pairs
fat Point 5 ( ) for an integrated luminosity of

. The full line histogram is signal+background
and the shaded histogram the combinatorial back-
ground.

Figure 20-110 Invariant mass of the jet- combina-
tion as described in the text at Point 5 ( ) for
an integrated luminosity of . The arrows
shows the expected position of the  mass.
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By further combining the 4-lepton combinations with an invariant mass near the edge with a

hard jet in the event, the distribution in Figure 20-110 is obtained which is peaked at the value of

the  mass.

20.4.2.5 Point 3:

Point 3 has a much lower mass scale than the other points, and therefore a huge production

cross-section. The dominant decay of the is the three-body decay , where f are or-

dinary fermions, yielding a large number of OS-SF lepton pairs in the final state. The decays

yield both OS-DF and OS-SF pairs, with relative branching fractions

‘a priori’ different from those at point 5. There is a large violation of electron-muon universality

in this case; the consequences of this have not been studied. The reconstruction is e per-

formed by calculating the invariant mass of OS-DF pairs which have a lower background.

Events were selected requiring at least four leptons with in the final state, and an

greater than 50 GeV. The angle between the two leptons was required to satisfy the

condition .

The invariant mass distribution of the lepton pairs is shown in Figure 20-111 for an integrated

luminosity of . The background is higher than in Point 5, and is mostly produced by the

decays of and to charginos. The statistics is high, and the mass can be measured as

from a fit to the end point of the distribution after background subtrac-

tion. The quoted error includes the statistical error on the fit and a 0.1% uncertainty on the lep-

ton energy scale. A detailed study on the modelling of the background is still needed in order to

confirm that this precision is indeed achievable.

For the following steps in the reconstruction of the SUSY decay chains, a reconstructed is de-

fined as an OS-DF lepton pair with invariant mass smaller than and within 10 GeV of the end-

point. The momenta of the two leptons are scaled up to the measured  mass.

Information on the mass can be extracted using additional opposite-sign leptons in events

with at least one reconstructed . The invariant mass of the lepton pairs has a complex struc-

ture, with two edges superimposed: one at 45 GeV, and one at 42 GeV, corresponding to

and respectively. The distribution is shown in Figure 20-112, where the full histogram

shows the sum of the and of the contributions, and the shaded histo-

gram the distribution of the decay alone. Already from this distribution, the - mass dif-

ference can be measured with a precision of about 1%, if the background can be adequately

subtracted. Alternatively, a full reconstruction of the can be performed by calculating the in-

variant mass of a reconstructed with a lepton pair near the edge. From a gaussian

fit to the distribution shown in Figure 20-113, the mass is measured as ,

where the quoted error includes the statistical error on the fit, the statistical error on the

mass measurement, and the systematic uncertainty on the lepton energy scale.

The most striking feature of Point 3 is the high number of b-jets in the final state. The dominant

production mechanism is the decay chain . A full reconstruction can be

performed by using candidates defined as four-lepton combinations with an invariant mass

within ±10 GeV of the peak shown in Figure 20-113. The b-jets from the decay

have typically a in excess of 50 GeV, whereas the b-jets from the decay are much

softer. Therefore events were selected requiring at least two b-jets with among

which the ones with  were labelled as ‘hard’ and the remaining ones as ‘soft’.
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The first step is to reconstruct a gluino peak by taking the invariant mass of a reconstructed ,

a ‘hard’ b-jet, and a ‘soft’ b-jet. The distribution, shown in Figure 20-114, exhibits a broad peak

around 300 GeV, which corresponds to the gluino mass. The events within ±10 GeV of the

gluino peak were then selected, and the invariant mass of the with the ‘hard’ b was calculat-

ed if the angle α between them satisfied . The resulting mass distribution is shown in

Figure 20-111 Mass of the OS-DF lepton pairs at
Point 3 ( ) for an integrated luminosity of

. The full line histogram is the signal+back-
ground, the shaded histogram the combinatorial back-
ground.

Figure 20-112 Invariant mass of the remaining OS
lepton pairs after removal of the candidate at
Point 3 ( ) for an integrated luminosity of

.

Figure 20-113 Invariant mass distribution of a
and an OS lepton pair at Point 3 ( ) for an inte-
grated luminosity of . The fitted peak gives a
measurement of the  mass.

Figure 20-114 Invariant mass of a candidate with
two b-jets at Point 3 ( ) for an integrated lumi-
nosity of . The position of the peak corre-
sponds to the mass of the gluino.
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Figure 20-115. From a gaussian fit to the observed peak the mass is measured to be

, where the error is dominated by the uncertainty in the b-jet energy scale.

For the events within ±10 GeV of the peak, the invariant mass of the candidate with the

soft b-jet can be calculated, as shown in Figure 20-116, yielding a measurement of the gluino

mass: .

20.4.2.6 Point 3:

The direct reconstruction of , as in Point 5,

is rendered impossible by the presence of a tau

lepton among the decay products. The pos-

sible measurements are therefore very similar

to the R-parity conserving case, and will only

be briefly summarised in the following. The

mass difference can be measured

from the end point of the invariant mass dis-

tribution of the OS-SF lepton pairs. The recon-

struction of the decay

chain follows the procedure described above

for the case. The main difference is

that no direct measurement of the mass is

available, therefore one needs to assume a val-

ue for the mass in order to reconstruct

gluino and .

Figure 20-115 Invariant mass of the with a hard
b-jet at Point 3 ( ) for an integrated luminosity
of . The events are selected requiring that the

-bb mass is near the gluino mass.

Figure 20-116 Invariant mass of the with the
remaining soft b-jet in the event at Point 3 ( )
for an integrated luminosity of . The fitted
peak gives a measurement of the gluino mass.
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The distributions of the invariant masses for and gluino are very similar to the ones shown

for , once the mass is given. By repeating the analysis for different values of the

mass a linear dependence, shown in Figure 20-117 was found between the and masses and

the  mass, which can be used as input to the fit of the fundamental parameters of the model.

20.4.2.7 Constraints on SUGRA parameters

For the decays involving only leptons of the first two generations, the invariant masses of

the many lepton combinations available, and the fact that the neutrino is massless make it pos-

sible to perform a direct reconstruction of some supersymmetric decay chains with good preci-

sion. In this case, therefore, the SUGRA parameters are constrained with higher precision than

in the R-parity conserving case. For L-violating couplings involving τ leptons, no advantage can

be gained from direct reconstruction, and the high combinatorial background of leptons

from the decay worsens in a significant way the precision of the measurements of edges in

the invariant mass distribution of lepton pairs.

20.4.3 Lepton number violation: χ1
0 → qql, qqν

When one of the is different from zero,

each of the decays into two hadronic jets

and a lepton, which can be either a charged

lepton or a neutrino. The SUSY events will

therefore exhibit a higher jet multiplicity than

in the R-parity conserving case, with the

presence of at least two additional leptons in

each event. Two distinct final state phenome-

nologies appear in this case, depending on

whether the lepton from the decay is a

charged lepton or a neutrino. In the first case,

one probably has the ‘easiest’ among all the

possible R-parity violating signatures, as the

two additional leptons per event allow easy

separation from Standard Model back-

grounds, and the two leptons can be taken as

‘seeds’ for the full reconstruction of the . In

case the lepton is a neutrino, there is some

in the event, as shown in Figure 20-118,

but hardly enough to guarantee the extrac-

tion of the signal from the background, and

full reconstruction of  is not possible.

For a given , both the decays and exist, with a relative branching frac-

tion which is determined by the neutralino mixing matrix and the SUSY mass spectrum in the

considered point of parameter space. The branching fractions for the five SUGRA points were

calculated for the case [20-45]. The branching fraction into charged leptons varied be-

tween 75% (Point 3) and 35% (Point 5), thus giving for all points a significant number of events

with one or two charged leptons from decays in the final state. For detailed studies [20-46]
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Figure 20-118 Comparison of the spectra for
the R-parity conserving case, and for the decays into
two jets and respectively a charged lepton or a neu-
trino.
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only decays to the first generation were considered, and the two cases, respectively with the de-

cay in electron or neutrino, were considered separately, assuming in each case a 100% branching

fraction.

20.4.3.1 Inclusive analysis

The SUSY signal can easily be extracted from the SM background by exploiting the high

charged lepton multiplicity in the final state, in the case of decays. This is true for all

the five SUGRA points considered. For the decay , requiring a jet multiplicity greater

than seven, with a hard leading jet, plus a single lepton with is enough to obtain

signal-to-background ratios of better than ten. Similarly to the B-violating case, the variable

 can be used to estimate the mass scale of the SUSY particles.

The decay could be dominant in some corners of the parameter space. To take this

into account, the extraction of the SUSY signal was explicitly studied for this decay. In general,

the limited amount of in the events does not allow the separation of the signal from the

Standard Model background in a convincing way just by requiring high jet multiplicity and

. As already seen for B-violating couplings, a signal to background ratio adequate for dis-

covery can be obtained requiring the presence of at least one lepton in the final state. These lep-

tons are abundantly produced in the cascade decays of sparticles over a significant fraction of

the SUGRA parameter space.

20.4.3.2 Precision measurements

The strategy for precision measurement when the decay is dominant is radically dif-

ferent than in the R-parity conserving case. The starting point for the reconstruction of an exclu-

sive decay chain is at the very bottom of the chain, where the presence of a charged lepton

makes the reconstruction of at least one of the LSP reasonably easy.

Figure 20-119 Invariant mass spectrum of jjl combi-
nation for SUSY (dashed), QCD (shaded), and both
(full line).

Figure 20-120 Invariant mass spectrum of jjl combi-
nations for three values of the mass: 110 GeV
(top), 125 GeV (middle), 130 GeV (bottom).
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For SUGRA Point 5, the average of the harder LSP is 320 GeV, and the decay particles have

average of 160, 55, and 105 GeV for the two jets, and the charged lepton respectively, allow-

ing to reach a good efficiency in the reconstruction of the .

The  was reconstructed by first selecting the SUSY events with a set of loose cuts:

Figure 20-121 OS-SF lepton pairs invariant mass
distribution (all leptons).

Figure 20-122 OS-SF lepton pairs invariant mass
distribution (leptons not used for reconstruction).

Figure 20-123 Minimum invariant mass distribution of
the soft candidate combined with a lepton not used
for  reconstruction.

Figure 20-124 Invariant mass distribution of the soft
candidate with two additional leptons. The peaks

corresponds to the  mass.
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• at least six jets with , of which one with ;

• at least one lepton with ;

• transverse sphericity > 0.2, and thrust < 0.9.

Then the correct jjl combination was chosen, out of the combinatorial background from jets di-

rectly produced in squark and gluino decays. For the leading , the ∆R distance between the

two jets was required to be smaller than 1, and the distance between the leading (second) jet and

the lepton was required to be smaller than 1 (1.5). All angular cuts were set at for the re-

construction of the second . The combinatorial background was further reduced by requiring

that the leading jet has and the second jet has for the first , and

both jets have smaller than 100 GeV for the second . With these prescriptions 1.4 combi-

nation on average were found per event.

The invariant jjl mass, shown in Figure 20-119, exhibits a clear peak at the mass. The ob-

served peak is not generated by the kinematic cuts, since one can see that the QCD background

does not exhibit a peak in the same position. Moreover the reconstruction was performed for

different values of the mass. The displacement of the peak position, shown in Figure 20-120,

allows the mass to be determined with a precision of . The same analysis was per-

formed for SUGRA points 3 and 4, using the same angular and kinematic cuts. A peak, albeit

degraded, is seen for Point 4, whereas at Point 3 the mass of the is small ( ) and the re-

construction from the very soft jets and leptons is problematic.

Once the has been reconstructed, it is pos-

sible to go up the decay chain and reconstruct

other sparticle masses. As usual, for SUGRA

Point 5, the best decay chain for full exclusive

reconstruction is production, followed

by the decays , ,

and . This decay offers a large

branching fraction, a low jet combinatorial

background, and the characteristic edge in the

two-lepton invariant mass from the decay

to sleptons. In the case of the decay,

the edge is spoiled by the additional lepton

combinatorics, as shown in Figure 20-121,

where the two-lepton invariant mass is plotted

for signal events. The situation can be im-

proved by performing the reconstruction,

and considering only the events with two jjl
combinations with an invariant mass within

10 GeV of the mass. The invariant mass of

the opposite-sign same-flavour lepton pairs,

excluding the leptons used for the recon-

struction, is shown in Figure 20-122. The edge

at 100 GeV is present, albeit much less clean

than in the R-parity conserving case.

The events with two reconstructed can be used to reconstruct explicitly the mass by cal-

culating the invariant mass of the with one of the two additional leptons. The problem is in

this case the choice of the and of the lepton from the decay. The softer was used for the

reconstruction, as it can be assumed that the harder one comes from the decay. The invariant
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Figure 20-125 Invariant mass of the harder with
the leading jet in the event. A broad peak can be seen
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mass of the softer jjl combination was rescaled to the nominal mass, and the invariant mass

with the remaining lepton was then calculated. The distribution of the lowest of the reconstruct-

ed invariant masses is shown in Figure 20-123. A peak can be seen corresponding to the slepton

invariant mass of . By varying the slepton mass, a precision in the slepton mass meas-

urement of can be estimated. By further combining the reconstructed slepton with the

remaining lepton, the can also be reconstructed. The distribution in Figure 20-124 was ob-

tained by requiring the slepton candidate to have an invariant mass within 10 GeV of the slep-

ton mass. The statistics, for an integrated luminosity of is limited, but a clear peak is

observed at the nominal  mass of .

The mass of the can be measured through the decay , by calculating the invariant

mass of one of the reconstructed with a hard jet. Events were selected by requiring two re-

constructed with a mass within 10 GeV of the measured mass, and two hard central jets,

within |η|< 2, and with a respectively in excess of 300 and 100 GeV. The requirement of two

hard jets is meant to preferentially select production. Under the assumption that the SUSY

sample is dominated by this process, the decay can be expected to yield the harder

and the leading jet. The mass combination of the two is presented in Figure 20-125, which does

indeed show a convincing peak corresponding to the position of the mass. In the same plot

the dotted line shows the invariant mass of the softer jet combined with the softer which, on

the contrary, as expected does not show any clear peak structure.

As in R-parity conserving Point 5, the measurement of the lightest Higgs mass through the re-

construction of the mass peak is necessary in order to constrain tanβ. The measurement

is in this case more difficult due to the increased jet combinatorics from decay products

when light jets are misidentified as b-jets. A narrow peak, albeit over a background much higher

than in the R-conserving case, is obtained by selecting events with two reconstructed , and

excluding from the mass reconstruction jets which were used for the . The situation

would of course be worse, if the decays involved c or b-quarks. Likewise, in the case of SUG-

RA Point 1 the much reduced statistics, together with the big efficiency loss produced by the re-

quirement of two reconstructed  could greatly reduce the significance of the  peak.

20.4.3.3 Constraints on the SUGRA parameters

The case with is intermediate between the two previously considered cases. If the

decay involves a lepton from the first two generations, SUSY can be very easily discovered. The

, and hence full SUSY decay chains, can be reconstructed. This reconstruction is based on two

jets, and therefore can be performed only for a sufficiently heavy , so as to have observable

jets. The precision of the mass measurement is limited. Therefore, the advantage of this scenario

with respect to R-parity conservation is the possibility of performing model independent mass

reconstructions, whereas little improvement is expected in constraining the SUGRA parame-

ters. On the other hand, as it happens for the case, the precision in the measurement of

the lepton-lepton edge in Point 5 is spoiled by the high lepton multiplicity in the final state.

20.5 Conclusion

If SUSY exists at the weak scale, then its discovery at the LHC should be straightforward. The

SUSY cross section is dominated by gluinos and squarks, which are strongly produced with

cross sections comparable to the Standard Model backgrounds at the same . Gluinos and

squarks then decay via a series of steps into the LSP (which may itself decay if -parity is vio-

χ̃1
0

157 GeV
15 GeV±

χ̃2
0

10 fb 1–

χ̃2
0 228GeV

q̃R qR χ̃1
0q→

χ̃1
0

χ̃1
0 χ̃1

0

pT
q̃Lq̃R

qR χ̃1
0q→ χ̃1

0

q̃R
χ̃1

0

h bb→
χ̃1

0

χ̃1
0

bb χ̃1
0

χ̃1
0

χ̃1
0 h bb→

λ′i jk 0≠ χ̃1
0

χ̃1
0

χ̃1
0

λi jk 0≠

Q2

R

910 20   Supersymmetry



ATLAS detector and physics performance Volume II
Technical Design Report 25 May 1999
lated). These decay chains lead to a variety of signatures involving multiple jets, leptons, pho-

tons, heavy flavours, W and Z bosons, and missing energy. The combination of a large

production cross section and distinctive signatures makes it easy to separate SUSY from the

Standard Model background. Therefore, the main challenge is not to discover SUSY but to sepa-

rate the many SUSY processes that occur and to measure the masses and other properties of the

SUSY particles. In most cases, the backgrounds from other SUSY events dominates the reduci-

ble Standard Model backgrounds due to the tails of the detector response. This fact justifies the

use of particle level simulations for precision SUSY studies.

The number of free parameters for even the Minimal Supersymmetric Standard Model is very

large, so it is impossible to investigate all cases. Since the background for SUSY is SUSY itself,

one cannot just generate particular signals and compare them with known backgrounds. The

approach followed here has been to investigate in detail the signatures for particular points in

the parameter spaces of the minimal SUGRA, GMSB, and -parity violating models. Methods

such as looking for kinematic endpoints for mass distributions and using these to determine

combinations of methods have proven generally useful. But each point has to some extent re-

quired inventing new analysis methods.

It seems clear that the points investigated here do not exhaust all possibilities even of the mini-

mal SUSY models considered. Given the success in extracting precise measurements for these

few points and the large number of SUSY events expected at the LHC, ATLAS is likely not just

to discover SUSY if it exists but to make many precise measurements. The starting point in this

study will be to look for characteristic deviations from the Standard Model. In SUGRA and

some other models, there would be events with multiple jets and leptons plus large . In

GMSB models, there would be events with prompt photons or quasi-stable sleptons. In -pari-

ty violating models, there would be events with very high jet multiplicity and/or leptons. Any

such signal would point to possible classes of models and would indicate the rough mass scale.

The next step would be to use partial reconstruction methods like those described in this chap-

ter to try to constrain as many combinations of masses as possible. A sharp dilepton edge like

that in Figure 20-11 or a peak is fairly unambiguous; so are some of the GMSB signa-

tures. More complicated signatures, especially those involving complicated combinations of

jets, would require much more work. These sorts of kinematical features represent only a small

part of the total data. Given a SUSY signal, one would certainly generate large samples of

events for many different models and compare many different distributions. This involves a

huge effort, but one that would certainly be made given signals for new physics

The ultimate goal is to use all the measured quantities to determine the underlying SUSY model

and to measure its parameters, just as the precision electroweak data has been fit in the Stand-

ard Model. The fits performed here have used minimal models with a small number of parame-

ters. The fitting would clearly be more difficult for more complicated models. Even for simple

models, it is not trivial to determine the masses and other parameters at a level of precision that

matches many of the potential experimental measurements. Many corrections have to be in-

cluded, and some can be quite important [20-47]. Fortunately – or rather unfortunately – we

have many years to improve both the analysis techniques described here and the theoretical

tools to interpret them.
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